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TRANSCRANIALPHOTOACOUSTIC/THERMOACOUSTIC TOMOGRAPHY BRAIN
IMAGING INFORMED BY ADJUNCT IMAGE DATA

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application
61/762,415 filed on February 8, 2013 and to U.S. Provisional Application 61/715,671
filed on October 18, 2012, of which all contents are hereby incorporated herein in their

entirety.
GOVERNMENTAL RIGHTS IN THE INVENTION

[0002] This invention was made with government support under Grant Nos.
EB010049, EB009715, CA134539, EB000712, CA136398, and EB008085 awarded by
the National Institutes of Health. The government has certain rights in the invention.

FIELD OF THE INVENTION
[0003] The invention generally relates to systems and methods for

transcranial photoacoustic imaging of the brain using adjunct image data.

BACKGROUND OF THE INVENTION
[0004] Existing high-resolution human brain imaging modalities such as X-ray

computed tomography (CT) and magnetic resonance imaging (MRI) are expensive and
employ bulky and generally non-portable imaging equipment. Moreover, X-ray CT
employs ionizing radiation and is therefore undesirable for use with patients who require
frequent monitoring of brain diseases or injuries. Alternatively, ultrasonography is an
established portable pediatric brain imaging modality, but its image quality degrades
severely when employed after the closure of the fontanels and therefore is not effective
for imaging adults. The development of thermoacoustic tomography (TAT) and
photoacoustic tomography (PAT) brain imaging methods may circumvent these
limitations and may potentially provide a powerful new brain imaging modality that

would fill an important void left by existing techniques.
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[0005] Transcranial brain imaging may benefit significantly by the application
of advanced PAT imaging methods. Photoacoustic tomography is a hybrid ultrasound-
mediated biophotonic imaging modality that combines the high contrast of optical
imaging with the high spatial resolution of ultrasound imaging. It relies on the
thermoelastic effect for generating acoustic pressure waves under specific thermal and
stress confinement conditions. When the excitation laser is replaced by a microwave
illumination source, the technique is named thermoacoustic tomography (TAT). The
photoacoustic (PA) signals recorded in PAT experience only a one-way transmission
through the skull. Accordingly, they are generally less attenuated and aberrated than
the echo data recorded in transcranial ultrasound imaging, which are distorted by the
effects of a two-way transmission through the skull. In addition, PAT based on
endogenous hemoglobin contrast is particularly suitable for imaging the blood vessels of
the cerebral cortex. Multi-wavelength PAT may be used to compute oxygen saturation
of hemoglobin and to monitor functional activities of the human cerebral cortex.
Moreover, much of the broadband PA signal energy resides at frequencies less than 1
MHz, and these relatively low-frequencies interact less strongly with skull bone than do
higher frequency ultrasound beams that are typically employed in pure ultrasound
imaging.

[0006] Flat pressure transducers, which are used typically for pressure
measurements associated with macroscopic regions of interest, generally function over
a relatively small field-of-view (FOV) with acceptable sensitivity; thus PAT and TAT of
the cerebral cortex in large animals using existing methods may be limited in one aspect
by existing instrumentation. The transducer’s sensitivity is typically traded off against the
transducer’s detecting angle, which influences the instrument’s field of view; large-
aperture detectors may achieve better sensitivity at the expense of FOV, whereas small
point detectors may measure over a larger FOV while compromising the detection
sensitivity. Negative lens transducers offer enhanced FOV characteristics, but introduce
attenuation and reverberation of ultrasonic waves, which decrease the instrument’s
sensitivity and degrade reconstruction accuracy; negative-lens transducers are typically
not considered suitable for robust animal imaging.
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[0007] A major technical challenge in PAT/TAT brain imaging is reduction of
image distortion associated with the surrounding skull. Transcranial PAT studies have
revealed structure and hemodynamic responses in small animals and anatomical
structure in human infant brains. Because the skulls in those studies were relatively thin
(about 1 mm), they did not significantly aberrate the PA signals and conventional back-
projection methods were employed for image reconstruction. However, PA signals may
be significantly aberrated by thicker skulls. To render PAT an effective modality for use
with transcranial imaging in large primates, including humans, it is necessary to develop
image reconstruction methodologies that may accurately compensate for skull-induced
aberrations of the recorded PA signals.

[0008] A previous image reconstruction method sought to compensate for PA
signal aberration associated with acoustic wave reflection and refraction within the skull.
In this method, the skull was assumed to be acoustically homogeneous. Accordingly,
the method did not explicitly account for scattering effects that arose from
heterogeneities in the skull. As a result of the simplified skull model employed, only
modest improvements in image quality were observed as compared to use of a
standard back-projection-based reconstruction method.

[0009] Therefore, there remains an important need for the development of
improved image reconstruction methodologies for transcranial PAT/TAT that are based
upon more accurate models of the skull’s heterogeneous acoustic properties and may
effectively compensate for skull-induced image distortions.

SUMMARY OF THE INVENTION
[0010] The present invention generally relates to methods and systems of in

vivo imaging of a brain situated within a skull of a subject.

[0011] In one aspect, a method of imaging a brain situated within a skull of a
subject is provided. The method includes obtaining an adjunct image dataset
corresponding to a region of interest comprising the skull of the subject. analyzing the
adjunct image dataset to obtain a spatial model of one or more acoustic properties of
the region of interest, obtaining one or more photoacoustic imaging signals

corresponding to the brain of the subject through the skull of the subject at a skull
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spatial position, registering the spatial model with the skull spatial position to establish
an imaging model, and reconstructing a photoacoustic image of the subject’s brain by
implementing an image construction method using the imaging model and the one or
more photoacoustic signals.

[0012] In this aspect, the adjunct image dataset may be obtained using a
device chosen from an X-ray CT scanning device and an MRI device. The adjunct
image dataset may include a spatial map of porosity and the one or more acoustic
properties comprise a speed of sound and an ambient density. The image
reconstruction method may be chosen from a time-reversal reconstruction method and
an iterative reconstruction method.

[0013] In this aspect, the time-reversal reconstruction method may include
solving discretized forms of acoustic equations describing the propagation of an
acoustic wavefield though a heterogeneous medium subject to one or more initial
conditions corresponding to an initial photoacoustically generated wavefield within the
medium and an initial acoustic particle velocity of zero throughout the medium to obtain
the photoacoustic image corresponding to a spatial distribution of an initial acoustic
wavefield; the initial acoustic wavefield may be proportional to an absorbed optical
energy density. The discretized forms of the acoustic equations may solved using a
numerical algorithm chosen from a real-space finite-element method, a real-space finite-
difference method, and a k-space pseudospectral method.

[0014] Also in this aspect, the iterative reconstruction method may include
iteratively solving a discretized imaging model that includes a system matrix to obtain
the photoacoustic image corresponding to a spatial distribution of an initial acoustic
wavefield; the initial acoustic wavefield may be proportional to an absorbed optical
energy density. The iterative reconstruction method may solve the discretized imaging
model using an optimization relation. The optimization relation may be a total variation-
regularized penalized least-squares cost function.

[0015] Additionally in this aspect, the method may further include generating a
second photoacoustic image and subjecting the photoacoustic image and the second
photoacoustic image to a differential imaging method that includes subtracting the

second photoacoustic image from the photoacoustic image to obtain a differential
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image. The differential image may subjected to a high-pass filter. The photoacoustic
image may correspond to the brain and the skull of the subject at a first condition and
the second photoacoustic image may correspond to the brain and the skull of the
subject at a second condition. The first condition may include an untreated baseline
condition and the second condition may include a condition after a treatment. The
treatment may be chosen from: a change in an endogenous contrast agent, an
introduction of an exogenous contrast agent, a therapeutic treatment, and a
performance of a cognitive task.

[0016] In another aspect, a photon recycling device is provided that includes a
solid cylindrical body with a first end and a second end; a concave curved surface at the
second end having a vertex within the cylindrical body; an opening at about the center
of the first end of the cylindrical body connecting first end and the vertex of the parabolic
surface; and at least one concave lens located within the opening. The at least one
concave lens may include a plano-concave lens and a bi-concave lens. The curved

surface may be an elliptic paraboloid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The following figures illustrate various aspects of the disclosure.

[0018] FIG. 1 is a block diagram of a method of obtaining a reconstructed
photoacoustic image using adjunct imaging data.

[0019] FIG. 2 is a schematic of a photoacoustic system using adjunct imaging
data.

[0020] FIG. 3 is a block diagram illustrating the general workflow of the
reconstruction methodology in one aspect.

[0021] FIG. 4A is a two dimensional CT image coincident with the PA imaging
plane of the skull with fiducial markers labeled. FIG. 4B is a speed of sound (SOS) map
derived from the CT data of FIG. 4A using Eqn. (lll). FIG. 4C is a density map derived
from the CT data of FIG. 4A using Egn. (Il). FIG. 4D is a PAT image of monkey head
phantom reconstructed using of a half-time method.

[0022] FIG. 5A is a schematic diagram showing the arrangement of

measurement devices of a transcranial PAT system in one aspect. FIG. 5B is a
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schematic diagram showing the arrangement of devices of a transcranial PAT system in
another aspect. FIG. 5C is a cross-sectional view of a virtual point ultrasonic detector in
an aspect.

[0023] FIGS. 6A — 6C are two-dimensional PA images of a reference object
consisting of crossed pins in an agar matrix in which the reference object is exposed to
the imaging system or situated within a skull. FIG. 6A is an image of the exposed
reference object reconstructed using a back-projection method. FIG. 6B is an image of
the reference object situated within a skull that was reconstructed using a back-
projection method. FIG. 6C is an image of the reference object situated within a skull
that was reconstructed using a time-reversal method. FIG. 6D is a graph summarizing
the optical absorption profiles taken along line A-A superimposed on each of the images
of FIGS. 6A-C.

[0024] FIG. 7A is a photograph of a brain specimen and skull. FIG. 7B is a
two-dimensional PA image of the brain specimen with the skull cap removed that was
reconstructed using a back-projection method. FIG. 7C is a two-dimensional PA image
of the brain specimen inside the skull that was reconstructed using a back-projection
method. FIG. 7D is a two-dimensional PA image of the brain specimen inside the skull
that was reconstructed using a back time-reversal method.

[0025] FIG. 8A is a difference image of the brain specimen obtained by
subtracting the image of FIG. 7B from the image of FIG. 7C. FIG. 8B is a difference
image of the brain specimen obtained by subtracting the image of FIG. 7B from the
image of FIG. 7D. In both cases, the reference image is the back-projection PAT
reconstruction of the brain specimen with the skull removed.

[0026] FIGS. 9A — 9C are PAT images of an exposed monkey brain (FIG.
9A), the monkey brain situated beneath one skull thickness (FIG. 9B), and the monkey
brain situated beneath two skull thicknesses (FIG. 9C). The visible and invisible blood
vessels are marked with white and black numbers, respectively.

[0027] FIGS. 10A — 10B are PAT image of the sO, variation within two tubes
filled with bovine blood obtained using PA illumination wavelengths of 630 nm and 640
nm. FIG. 10A is a PAT image of the sO, variation within the two tubes within region
marked in FIG. 10C obtained without skull covering. FIG. 10B is a PAT image of the sO-
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variation within the two tubes within the region marked in FIG. 10C obtained with skull
covering. FIG. 10C is a structural PAT image of the two tubes reflecting the total
hemoglobin concentration that was acquired at an optical wavelength of 630 nm.

[0028] FIG. 11 is a reconstructed image of the monkey brain without skull
using back-projection (FIG. 11A), with skull present using the back-projection method
(FIG. 11B), with skull present using a time reversal method (FIG. 11C).

[0029] FIG. 12 is a blood vessel (FIG. 12A), disc numerical phantoms (FIG.
12B), and the overlapped image with a 3-D vessel phantom and skull to show the
relative position of the phantom to the skull (FIG. 12C).

[0030] FIG. 13A is a slice of the speed of sound (SOS) map and FIG. 13B is a
slice of the density map derived from the X-ray CT data of a monkey skull. FIGS. 13C
and 13D display profiles of the SOS and density maps along the x-axis indicated on
FIGS. 13A and 13B, respectively.

[0031] FIG. 14 is a photograph of a calibration body consisting of pencil leads
held fixed within an agar matrix and surrounded by a removable cylindrical acrylic shell.

[0032] FIGS. 15A and 15C are PA images reconstructed from simulated
noiseless data corresponding to full-view scanning geometry using a time-reversal and
an iterative reconstruction method, respectively. FIGS. 15B and 15D are the image
profiles corresponding to line A-A on FIG. 15A and line B-B on FIG. 15C, respectively.

[0033] FIGS. 16A and 16C are PA images reconstructed from simulated noisy
pressure data with 3% AWGN corresponding to full-view scanning geometry using a
time-reversal and an iterative reconstruction method, respectively. FIGS. 16B and 16D
are the image profiles corresponding to line A-A on FIG. 16A and line B-B on FIG. 16C,
respectively.

[0034] FIGS. 17A and 17C are PA images reconstructed from simulated noisy
pressure data with 3% AWGN corresponding to few-view scanning geometry using a
time-reversal and an iterative reconstruction method, respectively. FIGS. 17B and 17D
are the image profiles corresponding to line A-A on FIG. 17A and line B-B on FIG. 17C,
respectively.

[0035] FIGS. 18A and 18C are PA images reconstructed from simulated noisy

pressure data with 3% AWGN corresponding to limited-view scanning geometry using a
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time-reversal and an iterative reconstruction method, respectively. FIGS. 18B and 18D
are the image profiles corresponding to line A-A on FIG. 18A and line B-B on FIG. 18C,
respectively.

[0036] FIGS. 19A and 19C are PA images reconstructed from simulated noisy
pressure data with 3% AWGN and actual SOS and density maps using a time-reversal
and an iterative reconstruction method, respectively. FIGS. 19B and 19D are the image
profiles corresponding to line A-A on FIG. 19A and line B-B on FIG. 19C, respectively.

[0037] FIGS. 20A and 20C are PA images reconstructed from simulated noisy
pressure data with 3% AWGN and SOS and density maps with errors using a time-
reversal and an iterative reconstruction method, respectively. FIGS. 20B and 20D are
the image profiles corresponding to line A-A on FIG. 20A and line B-B on FIG. 20C,
respectively.

[0038] FIG. 21A is a maximum intensity projection rendering of a 3-D
phantom vessel. FIG. 21B is a 3-D PA image of the phantom vessel reconstructed
using a time-reversal reconstruction method. FIG. 21C is a 3-D PA image of the
phantom vessel reconstructed using an iterative reconstruction method.

[0039] FIGS. 22A and 22B are PA images of the calibration body of FIG. 14
reconstructed with PA data from 200 view angles over a 360°range using a time-
reversal reconstruction method from data from 200 views with the acrylic shell absent
and present, respectively. FIGS. 22C and 22D are PA images of the calibration body of
FIG. 14 reconstructed with PA data from 200 view angles over a 360°range using an
iterative reconstruction method with the acrylic shell absent and present, respectively.

[0040] FIGS. 23A and 23C are PA images of the calibration body with acrylic
shell of FIG. 14 reconstructed with PA data from 50 view angles over a 360°range
using a time-reversal reconstruction method and an iterative reconstruction method,
respectively. FIG. 23B is a graph comparing image profiles taken along sector line A —
A of FIG. 22A (solid line) and FIG. 23A (dashed line). FIG. 23D is a graph comparing
image profiles taken along sector line A — A of FIG. 22C (solid line) and FIG. 23C
(dashed line).

[0041] FIG. 24 compares the image profiles of the reconstructed images of
FIG. 23A (dashed line) and FIG. 23C (solid line) taken along sector line Y-Y.

8
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[0042] FIGS. 25A and 25C are PA images of the calibration body with acrylic
shell of FIG. 14 reconstructed with PA data from 100 view angles over a 180°range
view angles over a 360° range using a time-reversal reconstruction method and an
iterative reconstruction method, respectively. FIG. 25B is a graph comparing image
profiles taken along sector line A — A of FIG. 22A (solid line) and FIG. 25A (dashed
line). FIG. 25D is a graph comparing image profiles taken along sector line A — A of FIG.
22C (solid line) and FIG. 25C (dashed line).

[0043] FIG. 26A is a schematic illustration of a photon recycling device
reflecting back-scattered photons back to a human skull during the acquisition of PAT
imaging data. FIG. 26B is a photograph of a PAT system with a photon recycling device
in one aspect.

[0044] FIGS. 27A and 27E are PAT images of a human skull obtained with
and without a photon recycling device, respectively. FIGS. 27B and 27F are PAT
images of a triangular graphite target obtained through the top area of a whole adult
human skull with and without a photon recycling device, respectively. Each image
shown in FIGS. 27A — 27B and FIGS. 27E - 27F were acquired five times to calculate
the signal-to-noise ratio (SNR), and the average of the five images are shown in each
respective figure. FIG. 27C is a differential image obtained from FIG. 27A and FIG. 27B.
FIG. 27G is a differential image obtained from FIG. 27E and FIG. 27F. FIGS. 27D and
27G are standard deviation maps derived from the five differential images that were
averaged to obtain FIGS. 27C and FIG. 27G, respectively.

[0045] FIG. 28A is a PAT image of a human skull obtained using a photon
recycling device. FIG. 28B is a PAT image of a canine brain obtained through the whole
adult human skull using a photon recycling device. FIG. 28C is a differential image
obtained from FIG. 28A and FIG. 28B. FIG. 28D is a PAT image obtained by applying a
high-pass filter to the image of FIG. 28C. FIGS. 28E — 28F are photographs of the
human skull and canine brain, respectively that were imaged in FIGS. 28A -28B.

[0046] Corresponding reference characters and labels indicate corresponding
elements among the views of the drawings. The headings used in the figures should not
be interpreted to limit the scope of the claims.
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DETAILED DESCRIPTION

[0047] Provided herein is a system and method for transcranial image

reconstruction for PAT/TAT brain imaging that may effectively compensate for skull-
induced image distortions. By use of information regarding the skull morphology and
composition obtained from adjunct imaging data, a subject-specific imaging
methodology may account for skull-induced aberrations, blurring, or distortions in the
reconstructed PA image. Acoustic information including, but not limited to speed of
sound (SOS) and density maps, may be derived from the adjunct imaging data. The
image reconstruction method may compensate for skull-induced acoustic aberrations
and may further enhance image fidelity in transcranial PAT and TAT brain imaging.

[0048] To be consistent with the commonly used terminology, whenever
possible, the terms used herein will follow the definitions recommended by the Optical
Society of America (OCIS codes).

[0049] The term “photoacoustic tomography” or “thermoacoustic tomography”
refers to a photoacoustic imaging technology that detects acoustic or pressure waves
generated by light absorption in the volume of a material (such as biological tissue).
However, the emphasis in this method is on computer-based image reconstruction.

I. Method of Transcranial PAT/TAT Image Reconstruction

[0050] In an aspect, the method of transcranial PAT/TAT image
reconstruction may include incorporating detailed subject-specific descriptions of the
acoustic properties of the skull to mitigate skull-induced blurring and distortions in the
reconstructed image. A block diagram illustrating a method 100 in one aspect is
provided in FIG. 1. The method 100 includes acquiring an adjunct imaging dataset at
step 102, processing the adjunct imaging dataset to define the parameters of a spatial
model of one or more acoustic properties of the skull of the subject at step 104,
obtaining PAT/TAT imaging data at step 106 at a skull location, spatially registering the
one or more acoustic properties of the spatial model with the skull location of the
PAT/TAT imaging data at step 108, and reconstructing a photoacoustic image within the

region of interest at step 110.
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[0051] The method of transcranial PAT/TAT image reconstruction 100 may be
used to obtain artifact-free structural PA imaging of the brain through the skin and skull
of a subject. In an aspect, the method may further include obtaining functional PA
imaging of a subject’s brain using exogenous and/or endogenous contrast agents.

A. Adjunct data acquisition and processing

[0052] Referring again to FIG. 1, the method 100 may include acquiring an
adjunct imaging dataset comprising adjunct imaging data at step 102 and processing
the acquired adjunct imaging dataset to define the parameters of a spatial model of
acoustic properties of the skull at step 104. In an aspect, the adjunct imaging dataset
may be acquired from various imaging modalities including, but not limited to X-ray CT,
MRI, ultrasound, and any other imaging method known in the art. In one aspect, the
adjunct imaging dataset may be acquired by X-ray CT imaging methods. In another
aspect, the adjunct imaging dataset may be obtained using fast echo MRI methods. In
an additional aspect, the adjunct imaging dataset may be obtained using pulse
ultrasound methods. In this additional aspect, the pulse ultrasound data may provide
data for the outer boundary of the skull.

[0053] Assuming that the skull size and shape does not change, the spatial
model of the acoustic properties of the skull, once obtained, may be reused for repeated
and/or subsequent PAT imaging studies of that patient in one aspect. In another aspect,
the speed-of-sound (SOS) and density maps derived from the adjunct data may be
reused similarly. In these aspects, eliminating the need for the acquisition and
processing of multiple adjunct datasets provide the capability to safely monitor brain
injuries or to conduct other longitudinal studies. The repeated use of reference adjunct
data reduces the time and cost expended obtaining multiple adjunct imaging datasets
and reduces the exposure to associated hazards such as ionizing radiation used in X-
ray CT imaging methods.

[0054] The spatial resolution of the adjunct imaging dataset may range
between about 0.1 mm and about 0.75 mm. In one aspect, the degree of spatial
resolution of the adjunct data may be selected based on the wavelength of the acoustic

signals obtained during PA/PT imaging. In one aspect, the spatial resolution of the
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adjunct imaging may be selected to be of smaller dimension than the wavelength of the
acoustic signal propagating through the tissues of the patient. The acoustic wavelength
may depend on any one or more of at least several factors including, but not limited to
the type of tissue and the type of acoustic wave. Non-limiting examples of types of
tissue include: brain tissues such as gray matter, white matter, and blood vessels; skin;
and bone. Non-limiting examples of types of acoustic waves include longitudinal
acoustic waves and shear acoustic waves. In one aspect, the resolution of the adjunct
data may be selected to be of smaller dimension than the smallest acoustic wavelength
for any and all combinations of tissue type and type of acoustic wave. The resolution of
the adjunct imaging dataset may affect the accuracy of the acoustic properties
determined from the adjunct data.

[0055] The adjunct imaging dataset may be processed to specify the
parameters of an imaging model comprising a spatial model of acoustic properties of a
region of interest. The spatially-varying speed of sound (SOS) and mass density
distributions of the subject’s skull to be imaged may be determined using the adjunct
imaging data. In an aspect, a porosity map distribution of the subject’s skull may be
obtained using methods known in the art including, but not limited to adjunct X-ray CT
image data and fast echo MRI data to infer the spatially-variant SOS and density
distributions of the skull. A method of acquiring acoustic properties from other additional
imaging modalities may be developed from previous methods in the art to facilitate
transcranial adaptive acoustic focusing for minimally invasive brain surgery.

[0056] In one aspect, adjunct X-ray CT data may be processed to determine
the spatially-varying SOS and mass density maps of the skull. The SOS and density
maps of the skull may be estimated from a porosity map obtained from the adjunct X-
ray CT data using mixture laws in a biphasic medium (bone/water). In one aspect, Hx
denotes the value of the k™ voxel in the X-ray CT image, which is measured in
Hounsfield Units. In this aspect, a voxel-based representation of the porosity map,
denoted as @, may be determined from each H at each location in the porosity map
using Egn. (1):

Hy
iiiyn‘::'!risie;

{E};év wr § e

Eqgn. (I)
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where H"# is the maximum value of Hx in the CT image.

[0057] In an aspect, px and ¢, may denote voxel-based representations of the
skull’s mass density and SOS distributions. In this aspect, the density map px may be
estimated from the porosity map using Egn. (II):

Eqgn. (II)
where p" = 1000 kg/m? is the density of water, and p° = 2100 kg/m? is the density of
skull as determined by ultrasound experiments. Without being limited to any particular
theory, the elastic modulus of bone is proportional to the apparent density cubed as a
first order approximation. In an aspect, the SOS map, &, may be determined from the
porosity map using Eqgn. (ll):

cp s O e S = et

Egn. (l11)
Where ¢" = 1480 m/s is the SOS in water, and ¢® = 2900 m/s is the speed of sound of
skull bone as determined by previous ultrasound experiments.

[0058] In an aspect, the subject-specific SOS and mass density distributions
may then be spatially registered or aligned with the PA imaging data and an image
reconstruction method may be used to estimate the spatially-varying initial amplitude of

the thermoacoustically-induced pressure signals within the brain of the subject.

B. Obtaining PAT/TAT Imaging Data

[0059] Referring again to FIG. 1, the method 100 may further include
obtaining PAT and/or TAT imaging data from the subject using any known methods at
step 106. As discussed previously herein, acquiring the PAT/TAT imaging data may
include illuminating a region of interest with a coherent light/microwave source and
detecting the acoustic signal generated from the region of interest in response to this
illumination. In various aspects, the PAT/TAT imaging data may be obtained using a
PAT/TAT imaging system, described in additional detail herein below.

[0060] In one aspect, a PAT imaging system may include a laser and one or
more optics elements including, but not limited to, a concave lens to expand the laser

pulse and thereby increase the area of illumination over a larger region of interest
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and/or to reduce regional variation in laser fluence within a cross-sectional area of the
laser pulse. In another aspect, the PAT imaging system may further include a signal
enhancer including, but not limited to a photon recycler as further described herein
below to enhance the degree of illumination within the area of interest without further
increasing the laser fluence of the laser pulses produced by the laser.

C. Reconstructing Image

[0061] Referring again to FIG. 1, at step 108 the spatial model of acoustic
properties of the skull derived from the adjunct imaging dataset at step 104 may be
spatially registered with the skull location used to obtain the PAT imaging data to
establish an imaging model. The imaging model, which incorporates the spatial model
and the PAT imaging data comprising at least one photoacoustic signal obtained in step
102 may be used with an image reconstruction method to reconstruct a photoacoustic
image at step 110. In an aspect, the spatial model of the acoustic properties of the skull
may be spatially registered with the PAT imaging data to inform image reconstruction of
the PAT/TAT imaging data including, but not limited to, mitigating skull-induced
aberrations of the measured PA signals.

[0062] A workflow diagram of step 108 of the method 100 in one aspect is
depicted in FIG. 3. In this aspect, the estimated SOS map (&) 304 and mass density
map (px) 306, derived from the adjunct CT image 302, may be spatially registered to the
frame of reference of the TAT/PAT imaging data at step 308 so that the acoustic
characteristics from the maps may be used within an image reconstruction method for
estimation of the spatial distribution of an initial acoustic wavefield within the region of
interest of the brain at step 310. Without being limited to any particular theory, the
spatial distribution of the initial acoustic wavefield is known to be proportional to the
absorbed optical energy density. In an aspect, the frame of reference of the TAT/PAT
imaging data may be the skull spatial position during PA imaging.

[0063] Referring again to FIG. 1, an image may be reconstructed using an
image reconstruction method at step 110. In various aspects, the method of transcranial
PAT imaging 100 may include any one of at least several image reconstruction
methods, described herein below.

14



WO 2014/063005 PCT/US2013/065594

[0064] In one aspect, the image reconstruction method may be a time-
reversal image reconstruction method. In another aspect, the image reconstruction
method may be an iterative reconstruction method. The image reconstruction method in
these aspects may produce images with improved fidelity and reduced artifact levels as
compared to existing reconstruction method such as back-projection methods.

[0065] In an aspect, the image reconstruction method may compensate for
refraction and diffraction of the photoacoustic wavefields caused by heterogeneities in
the SOS and density distributions of the skull. In this aspect, other confounding effects
thought to be secondary may not be incorporated into the image reconstruction method.
Non-limiting examples of secondary confounding effects include the effects of acoustic
shear waves propagating in the skull and the attenuation of the photoacoustic wave field
in the skull. Without being limited to any particular theory, the density and SOS
heterogeneities are thought to both have stronger effects and cause more acoustic
energy to be reflected back into the skull than do the shear wave mode-conversion or
attenuation for acoustic plane-wave components incident on the skull surface at small
(about 30 degrees or less) angles from the surface normal.

[0066] In another aspect, the image reconstruction method may include the
effects of acoustic attenuation and shear wave mode-conversion as well as the effect of
density and SOS heterogeneities. Without being limited to a particular theory, these
secondary effects may be observed in certain high-spatial resolution components of the
imaged object. In an aspect, the effects of shear wave propagation and attenuation both
may be strongly dependent on the thickness of the skull. In some aspects, the
distortions to the PA signal due to absorption and propagating shear waves may of
second-order effect as compared to the distortions due to the variations in the SOS and
density.

[0067] In various aspects, the image reconstruction methods may be derived
from the equations governing the generation and propagation of photoacoustic
wavefields; these equations may be provided in a continuous form or in a discretized
form as described herein below. The PA signal data and imaging model derived from
the adjunct imaging data may be combined and used along with the equations

governing the generation and propagation of photoacoustic wavefields in order to obtain
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a spatial map of po, the pressure induced within the tissue as a result of laser
illumination, based on the acoustic signals measured by the transducers of the PA

imaging system.

i. Continuous formulation of photoacoustic wavefield propagation

[0068] In various aspects, the reconstruction methods make use of the
equations describing the generation and propagation of a photoacoustic wavefield
within an acoustically heterogeneous medium. The continuous form of the
photoacoustic wavefield equations are provided herein below.

[0069] To obtain PAT imaging data, tissue within the region of interest may be
irradiated by a laser pulse at time t = 0. In response to the laser pulse, the tissue may
generate an induced pressure wavefield p. The function p(r,t) denotes the
thermoacoustically-induced pressure wavefield at time t = 0 at a location r.

[0070] In various aspects, acoustic absorption may not be negligible. For a
wide variety of materials characterized by relatively strong attenuation of acoustic
signals including, but not limited to, biological tissues, the acoustic attenuation
coefficient may be described by a frequency power law expressed as Egn. (IV):

olr Eqn. (IV)
where fis the temporal frequency in MHz, o is the frequency-independent attenuation
coefficient in dB MHzYecm™, and yis the power law exponent which may range from
about 0.9 to about 2.0 in biological tissues.

[0071] Without being limited to any particular theory, assuming a
heterogeneous fluid medium in which acoustic losses may be characterized by an
acoustic power law as in Egn. (1V), three coupled equations may be used to describe
the forward propagation of p(r.t):

Y

\\\\\\

Falez T Eqn. (V)

@ Eqn. (V)
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J Eqn. (VII)
subject to the initial conditions:

¢ o Pl wie, ¢ w €)
Hew s Egn. (VIII)

[0072] Here, A(r) denotes the absorbed optical energy density within the

object, I'(r) is the dimensionless Grueneisen parameter, u(r, t) is the acoustic particle
velocity, co(r) denotes the medium’s SOS distribution, and p(r, t) and po(r) describe the
distributions of the medium’s acoustic and ambient densities, respectively. The object
function A(r) and all quantities that describe properties of the medium are assumed to
be represented by bounded functions possessing compact supports. The quantities u(r)
and n(r) describe the acoustic absorption and dispersion proportionality coefficients that
are defined as:

. . B . . ¢TI
™ . . wye-1 [N TUUR - SUTUUNNY P 1 | O S, -
Ay = — Qeepid ¥ A ’!}E\i\J = it.a::;i::yii\}y tan — |
E P L1 I B b 3 LRI

2 Eqn. (IX)

[0073] Acoustic absorption and dispersion may be modeled by the second
and third terms in the bracket of Egn. (VII), which employs two lossy derivative
operators based on the fractional Laplacian to separately account for the acoustic
absorption and dispersion in a way that is consistent with Eqgn. (IV). In one aspect, when
acoustic attenuation may be neglected, u(r) = 0 and n(r) = 0, and Egn. (VII) reduces to:

plr, F) e ey Piu HE, ?]
PLC N £k fi Ean. (X)

ii. Time-reversal image reconstruction method

[0074] In an aspect, the image reconstruction method may be a time-reversal
image reconstruction method. Time-reversal image reconstruction refers to an image
reconstruction method based on a numerical propagation model with a time-varying
boundary condition corresponding to the measured data in reversed temporal order. For

P51 € [0.7])

37

. . . !
image reconstruction based on time-reversal, .+ I rv -idenotes the

measured pressure wavefield data, where r, denotes the location of the m™ ultrasonic
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transducer, Mindicates the number of measurement locations, and T denotes the
maximum time at which the pressure data is recorded. The PAT image reconstruction
obtains an estimate of po(r) or, equivalently, A(r), from knowledge of

{plr,.r & [0.77)) a1, Co(r), and po(r). The time-reversal method may be based on a

full-wave solution to the acoustic wave equation for heterogeneous media; therefore it
may compensate for the aberration in the photoacoustic signals due to the variations in
Co(r) and po(r) within the skull.

[0075] In an aspect, the time-reversal image reconstruction method may be a
k-space pseudospectral image reconstruction method. The k-space pseudospectral
time-reversal image reconstruction method may be employed to propagate a
photoacoustic wavefield forward in space and time. The k-space reconstruction method

may approximate Eqns. (V), (VI), and (X), neglecting terms proportional to ¥ ¥ and
may solve discretized versions of the three coupled lossless acoustic equations
backward in time with initial and boundary conditions specified as:

plradp=0 ulr ol p=0 pl,. o= plrga.

Eqgn. (XI)

[0076] In this aspect, the k-space pseudospectral time-reversal image
reconstruction method is based on a full-wave solution to the acoustic wave equation for
heterogeneous media, and may therefore compensate for scattering due to variations in
Co(r) and po(r) within the skull. Because the fast Fourier transform (FFT) is used to
compute the spatial derivatives in the k-space pseudospectral method, its computational
efficiency may be an improvement to other existing methods such as finite-difference
time-domain methods. The accuracy of the temporal derivatives in this method may also
be refined by use of k-space adjustments.

[0077] The acoustic equations may be discretized by specifying the locations
of the N = N;N-Nj; vertices of a 3-D Cartesian grid, where N; denotes the number of
vertices along the ith dimension as 14, ..., Iy, where each ris an (x,y,z) value of a vertex
in the 3-D Cartesian grid. In addition, mAt may be used to denote discretized values of
the temporal coordinate t, where mis a non-negative integer and At is a positive real

number. The sampled values of #1:% = matlapqui{r t = mdt} j_q120r3,
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corresponding to spatial locations on the 3-D Cartesian grid may be described by the 3-
D matrices P,and ¥, respectively, where the subscript m indicates that these
quantities depend on the temporal sample index m. Unless otherwise indicated, the
dimensions of all 3-D matrices will be N; x N> x Ns. Lexicographically ordered vector

representations of these matrices may be denoted as:

ul, = ﬁl fm EETAY S ORI TATE \P mﬁu’
* | Egn. (XII)

Pen = (pIrg ), ey, mat})
' | ‘ Eqgn. (XII)

[0078] The values of the ambient density po(r) and squared SOS distribution
<5 {7} from the imaging model derived from the adjunct data as described herein above
may be represented as:
(‘l = Kh"‘” ! ijllL Vet 353{3(1?.5’\?}} Egn. (XIV)
C oo dding {ofi{rgd oo S )
{t‘i I * {1‘;1 l' \‘ s 4 Eqn (XV)
where diag(ay, ..., an) is defined as a diagonal 2-D matrix whose diagonal entries
starting in the upper left corner are ay, ..., Q.
[0079] In another aspect of the k-space pseudospectral method, the 1-D
discrete spatial derivatives of the sampled fields with respect to the ith dimension (i =1,

2, or 3) may be computed in the Fourier domain as:

’Ql 1 e ~I '”5#"{:- ! v ~
VY P,=F {;I&‘ ok F{P,,};

VUl = F K o ko F{U!

* Egn. (XVII)

JP—

where 4 = v —1

Mas
v,

, the superscript “Mat” indicates that the 1-D discrete derivative

operator acts on a 3-D matrix, F and F' denote the 3-D forward and inverse
discrete Fourier transforms (DFTs), and oin Egns. (XVI) and (XVII) denotes the
Hadamard product operator. The elements of the 3-D matrix K'(i= 1, 2,3) may be

written in the form:

K! g 11— Egn. (XVIII)
Tyt Ty SR f‘.‘
. ny — |
L o OR
‘l&-rs_: saty T =TTy 19
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Eqgn. (XIX)

Egn. (XX)
where n;=1, ..., N;(i=1, 2, 3), and L; denotes the length of the spatial grid in the ith
dimension.
[0080] The k term in Egns. (XVI) and (XVII) denotes a k-space operator given
by:
kowosine{{ /210 oge KD Egn. (XXI)

where stncla} = (stul@}/e) o s the minimum value for all of co(r), and K is a 3-D

matrix defined as:

K ‘ZI\ o K
e Eqn. (XXII)
and the sinc function and square root functions in both of Egns. (XXI) and (XXII) are

element-wise operations.

ESESY Mt
[0081]  The operators 2" and ¥ " may be defined as:

Eqn. (XXIII)

Egn. (XXIV)

[0082] In an aspect, ®;and W;may be defined such that *#"+#and

) x iatyy
are lexicographically ordered vector representations of the matrices @ Pand

Matyri
i, respectively. In terms of these quantities, the discretized forms of Egns. (V),

(VI), and (VII) may be expressed as:

. . T I
11},”\_‘_§ S K § ¥ S ‘I‘}k 1}‘& Eqn (XXV)

pn‘l—.\} #{.e.., Wk Eqn (XXV')
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i
where P is an N x 1 vector whose elements are defined to be zero for m = 0, and

3

i Egn. (XXVII)

Awl B

[0083] The quantities mstand TPl n Egn. (XXVII) represent the
absorption and dispersion terms in Egn. (VII), and may be defined as lexicographically

) A Margre B Maspg? ) ) )
ordered vector representations of =+ “m+land *Yrt1 which are defined in

analogy to Egn. (VII) as:

: 3
AR st { | { QY v, l}}

i=1 Egn. (XXVIII)
BN =mF ! { Kot F{ DN }}
, il = Egn. (XXIX)
where * w1 js the 3-D matrix form of #+ and pand n are defined as:
n =diag (nolri)o - omwlea)) Eqn. (XXXI)

and K’? and K”" are powers of K that may be computed on an element-wise basis.

[0084] In an aspect, a time-reversal reconstruction method may include
solving the discretized acoustic Egns. (XXV) — (XXVII) subject to initial and boundary
conditions similar to those described herein above.

iii. lterative image reconstruction method

[0085] In various aspects, an iterative image reconstruction method based on
the exact PA wave equations may be used to reconstruct a PAT image from PA imaging
data and an imaging model derived from adjunct imaging data. Starting with the
discretized acoustic equations described herein previously, a discretized PA imaging
model may be formulated. The initial pressure distribution po may be estimated from

knowledge of the measured data p by iteratively solving the equation derived from this

discretized imaging model with an appropriate regularization.
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[0086] The discretized imaging model may be based on the k-space
pseudospectral time-reversal method and may further provide a procedure of
implementing the forward and back projection operators associated with the discretized
imaging model. In one aspect, the matched forward/back projection operator pair may
be employed in an iterative image reconstruction method to minimize a TV-regularized
PLS cost function.

[0087] In an aspect, the discretized imaging model may neglect transducer
characteristics such as the acousto-electrical impulse response (EIR) of the ultrasonic
transducers; in this aspect, each transducer may be assumed to be point-like in
response. A description of how transducer response characteristics may be
incorporated into a developed discretized imaging model is provided in Example 19.

[0088] With these assumptions, the measured pressure wavefield data at time

t= mAt may be defined as:

p;}] mu ig_“\'f 3 ﬁ-’:lf{} ER E?{\PL . ;”-‘ﬁ.r } _‘J: Eqn (XXXl |)
Where m= (0, ...,M—1), Mis the total number of time steps and

R S \\"! it — 1 ... Fn iy '
rp € R {0 = SRR denotes the positions of the L ultrasonic transducers that

reside outside the support of the object. An estimate of po(r) or, equivalently, A(r), may

. :T' wei oo TEE D 3 < — i ~‘5-w"“.*'.'\ ‘\§ £ '{:““\'
be obtained from knowledge of P 100 0 £ M 1, ColE e gl g, u.\}il‘},

and y. The acoustic parameters of the medium may be estimated by use of adjunct X-
ray CT, ultrasound tomography, or MRI image data and may be assumed to be known
in an aspect.

[0089] The discretized form of the imaging model for PAT may be expressed

generally as:
F Py Eqgn. (XXXIII)
where the LM x 1 vector
P
| P
Pat 1 d Egn. (XXXIV)
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represents the measured pressure data corresponding to all transducer locations and

temporal samples, and the N x 1 vector po is the discrete representation of the sought

after initial pressure distribution within the object (i.e., Egn. (XIll) with m = 0). The LM x

N matrix H represents the discrete imaging operator, also referred to as the system

matrix.
[0090]

In an aspect, the image reconstruction task is to determine an estimate

of Psifrom knowledge of the measured data fj. This may be accomplished by

computing an appropriately regularized inversion of Egn. (XXXIII). In one aspect, the

iterative reconstruction method may be implemented by minimizing a penalized least

adjointH?may be computed.

[0091]

The k-space pseudospectral method for numerically solving the

photoacoustic wave equation may be used to implement the action of the system matrix

H. An explicit matrix representation of H may be employed to determine H*

[0092]

Egns. (XXV)—(XXVIl) may be described by a single matrix equation to

determine the updated wavefield variables after a time step At as:

Vit = Wy, Egn. (XXXV)

K]

; oo fypl 2 k 1 2 a3 VE o .
Where‘ s S QUL B W P P B Pon ) isa 7N x 1 vector Conta|n|ng all the wavefield

variables at the time step mAL The propagator matrix W is defined as:
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[0093] The wavefield quantities may be propagated forward in time

fromt = ot = (M - §=m\f as:
Vil Vo
Vi Oraescy
=Tar T ‘
Varot Oz Egn. (XXXVII)

I e A -1 i are defined in terms of

W as:
T, =
y Ly s o Braary
ﬂ‘:‘:m LAY TN A ) TN
U‘ NxTN e 1 TN RTN
! (rrewryy e W
POt T Ty Oradm 0 TN (AT —m )TN EQn. (XXXV”')

with W residing between the (7N(m — 1) + 1)th to 7Nmth rows and the (7Nm + 1)th to
7N(m + 1)th columns of T,

[0094] From the equation of state in Egn. (X) and initial conditions (VIII), the
vector may be computed from the initial pressure distribution as:
rovg

LOrave - Ean. (XXXIX)
where
5 L - ¢ 1 . T
T g =T, {}T“\ SO R QT\ w N } Eqn. (XL)
wab Brare | T MT $ Y > l e i ‘“"i ‘1“-[ T o- .
T(g“n\*\ R e ”) Eqgn. (XLI)

And po is the initial pressure distribution as defined by Egn. (XIll) with m= 0.

o =
[0095] In general, the transducer locations ¥t at which the PA data Fare
recorded may not coincide with the vertices of the Cartesian grid at which the values of
the propagated field quantities are computed. The measured PA data may be related to

the computed field quantities via an interpolation operation as:
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¥
p=5
Eqn. (XLI)
where
0 Opernv -0 Opery]
-y UL S ‘:\ ‘\‘\f 8 tet [‘)L x ?‘*:\:‘ |
S =
R T L e e Eqgn. (XLII)
Here, & = is1. - "sLl where 8t (1 = L.--+.L}is a1 x 7N row vector in which

all elements are zeros except the four corresponding to acoustic pressure at four grid
Tooa T e T ow B , o
nodes Yi.1:Tia: 155 ¥l tthat are nearest to the transducer location *i. In other words,
these four entries are interpolation coefficients to compute the acoustic pressure at the
: : , : it
th transducer, and their values are given by the barycentric coordinates of *1with

respectto Ft.1:Te2: 105, Yia which may be determined by Delaunay triangulation.

[0096] By use of Egns. (XXXVII), (XXXIX), and (XXLII), one may obtain
po=8Tag - Tilopo gogn Ly

[0097] Upon comparison of this result to Egn. (XXXIII), the sought-after
explicit form of the system matrix is identified as:

Hz= 8Ty 1Ty Eqn. (XLV)

[0098] In an aspect, the iterative image reconstruction method may involve
use of a backprojection matrix Hthat corresponds to the adjoint of the system matrix H.

Since H contains real-valued elements in this aspect, the adjoint matrix H' is equivalent

to the transpose matrix . According to Egn. (XLV), the explicit form of 2™ is given

Eqn. (XLVI)
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[0099] In an aspect, the iterative image reconstruction method may be
implemented by seeking solutions of an optimization problem to determine po. In one
aspect, the optimization problem may be provided in the form of a penalized least
squares (PLS) cost function containing a total variation (TV) penalty term such as:

Egn. (XLVIII)
where A is the regularization parameter, and a non-negativity constraint was further

imposed. For the 3D case, the TV-norm may be defined as:

Peire = 3 pels — ol ¥+ Upule = (el P + e — ipal 3

o : : Eqgn. (XLIX)
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Loe LM
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where [po]» denotes the n-th grid node, I ool are neighboring nodes
before the n-th node along the first, second and third dimension, respectively. In an
aspect, a fast iterative shrinkage/thresholding algorithm (FISTA) may be employed to
solve Egn. (XLVIII).

[00100] When iterative methods, including FISTA, are employed to minimize a
PLS cost function, the action of the operators H and its adjoint H' are computed. The
action of H may be computed by use of any suitable computational tool or software
known in the art including, but not limited to the MATLAB k-Wave toolbox. In an aspect,
H' may be computed as:

R IS A
VMt —mtpg

Egn. (L)
R i {_;}\f p‘“x s ..‘,%\.-’}_\:‘_ﬂ’s,-‘.? o= Af — 1' sae, i E an. (Ll)
oo TR - A__‘_Fgf: ,‘?
pr=rv Eqgn. (LII)

D. Differential Imaging Methods

[0100] The targets in the PAT brain images obtained using the PAT imaging
system as described herein may be distorted and/or dislocated due to the discontinuous
acoustic properties between brain tissue and the surrounding skull. In an aspect, the
method of image reconstruction may include improving the image quality of the
reconstructed PA image using differential imaging methods. As used herein, differential

imaging methods refer to the subtraction of two PAT images to improve the quality of
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one or both of the subtracted images, or to obtain additional information not readily
available in one or both images.

[0101]  In another aspect, differential imaging methods may be used to
analyze changes between pairs of images. In one aspect, differential imaging methods
may be used to compare images obtained at different times; for example structural
changes in the brain in response to a treatment may be monitored using differential
imaging methods. In another aspect, differential imaging methods may be used to
determine changes in physiological or other aspects of the imaged brain, for example
before and after neural stimulation or injection of contrast agents. The differential
images may be used to trace or monitor dynamic changes in regions of interest within
the brain.

[0102] In another additional aspect, the differential data may be subjected to
one or more data filters to enhance the contrast and to facilitate the imaging of
structures of interest. Non-limiting examples of suitable data filters include low-pass
filters, high-pass filters, mid-pass filters, and any other suitable filter known in the art. In
one aspect, the differential data may be subjected to a low-pass filter to enhance the
contrast and to facilitate the imaging of structures of interest. Without being limited to
any particular theory, high frequency signals are known to be more attenuated while
passing through skull tissue. In this aspect, subjecting the differential data to a high-
pass filter may result in a reconstructed image that includes structural features not
identifiable in the unfiltered differential image.

Il. System for transcranial PAT/TAT image reconstruction

[0103] In various aspects, a system for transcranial PAT/TAT image
reconstruction 200 may include, but is not limited to, an adjunct imaging device 202, a
PAT imaging device 204, and a computing device 206. The computing device 206 may
further include at least one processor 208, a memory 210, and a CRM 212 comprising
an image reconstruction application 214.

[0104] The image reconstruction application 214 may include, but is not
limited to, an acoustic properties modeling module 216, a PAT data post-processing

module 218, an acoustic property registration module 220, and an image reconstruction
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module 222. The image reconstruction application 214 may optionally include an image
evaluation module 224 in an aspect.

[0105] The PAT system used to acquire the PAT imaging data may include a
coherent light source including, but not limited to, a laser having a wavelength in the
near infrared range. In one aspect, the laser wavelength may range from about 630 nm
to about 1300 nm. In various other aspects, the laser wavelength may range from
about 630 nm to about 700 nm, from about 650 nm to about 750 nm, from about 700
nm to about 800 nm, from about 750 nm to about 850 nm, from about 800 nm to about
900 nm, from about 850 nm to about 950 nm, from about 900 nm to about 1000 nm,
from about 950 nm to about 1050 nm, from about 1000 nm to about 1200 nm, and from
about 1100 nm to about 1300 nm. In yet another aspect, the laser wavelength may be
about 730 nm. In an additional aspect, the laser wavelength may be 1064 nm.

[0106] In an aspect, the laser may produce laser pulses at a laser pulse rate
ranging from about 10 Hz to about 1.2 MHz. In various other aspects, the laser pulse
rate may range from about 10 Hz to about 0.5 MHz, from about 250 Hz to about 1 MHz,
and from about 0.7 MHz to about 1.2 MHz. Without being limited to any particular
theory, the laser pulse rate may influence the data acquisition time of the PAT imaging
data. In another aspect, a slower laser pulse rate may be used with the application of a
signal enhancer. In an aspect, the signal enhancer may be a photon recycler further
described herein below.

[0107] In an aspect, the laser of the PA imaging system may produce laser
pulses at the pulse width ranging from about 1 ns to about 1 ps. Without being limited to
any particular theory, a longer pulse width may enhance the strength of the induced PA
signal and a shorter pulse width may reduce the scan time needed to acquire PA
imaging data. In one aspect, the pulse width may be about 5 ns.

[0108] In an aspect, the laser may produce laser pulses that are directed into
the top skull surface at a laser fluence of less than about 40 mJ/cm?. In another aspect,
the laser fluence at the skull surface may be less than about 20 mJ/cm?®. Without being
limited to any particular theory, the laser fluence used to obtain PA imaging data may be
influenced by the laser wavelength; shorter wavelength laser pulses may be delivered at

lower fluences than corresponding longer wavelength laser pulses. In one aspect, the
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laser fluence may be selected to fall below the maximum fluence set out in the laser
safety standards of the American National Standards Institute (ANSI). In another
aspect, the laser pulses may be delivered at a fluence of above 40 mJ/cm? to provide
laser therapy in addition to obtaining PAT imaging data.

[0109] In an aspect, the laser pulse width and laser fluence may be selected
to deliver an amount of energy sufficient to generate a detectable PA signal at the
desired area of interest. Without being limited to any particular theory, the laser pulse
width and laser fluence delivered by the laser may be selected to elevate the target
tissue within the area of interest at least about 1 millidegrees Celsius, corresponding to
a pressure increase of about 800 Pa. This pressure increase is thought to be associated
with a minimum detectable PA signal using ultrasonic transducers known in the art.

[0110] The PAT system used to acquire the PAT imaging signal may further
include one or more ultrasonic transducers. In one aspect, one ultrasonic transducer
may be operatively connected to a translation module to translate the ultrasonic
transducer in a scanning pattern to obtain the PAT imaging data suitable for
reconstruction of a two-dimensional and/or three-dimensional PAT image. In another
aspect, the PAT system may include an array of ultrasound transducers to detect the
acoustic signals generated by the tissues within the area of interest in response to
illumination by the one or more laser pulses. In one aspect, the array of ultrasound
transducers may be a ring array. The ring array may then be translated stepwise in the
z-direction (i.e. in a cranial-caudal direction) to acquire a 3D PAT image. In another
aspect, multiple ultrasonic transducers and/or multiple ultrasonic transducer arrays may
be utilized to accelerate data acquisition and to enable real-time PAT imaging.

[0111] In an additional aspect, PA imaging data may be obtained using
multiple laser wavelengths to compute oxygen saturation of hemoglobin, to observe
functional activities of the human cerebral cortex, or to implement other known PAT
functional imaging methods known in the art. In these additional aspects, PAT may be
used for monitoring the blood-related pathological and physiological status of human
brains.

[0112] In one additional aspect, a photon recycling device described herein

below may be applied to redirect reflected light back into the subject to enhance the

29



WO 2014/063005 PCT/US2013/065594

illumination provided by the PA imaging system with no associated increase in laser

pulse fluence from the laser of the PA imaging system.

lll. Device for photon recycling

[0113] A photon recycling device may be used to increase light transmittance
through the skull while obtaining PA imaging data using the PA imaging system. In
various aspects, a device for photon recycling may include, but is not limited to, a
cylinder body, an opening, and at least one concave lens. The cylinder body may
include a first surface and a second surface. The second surface may be a concave
curved surface. The opening may extend from about the center of the first surface to
the vertex of the curved second surface. The opening may include at least one convex
lens to expand light that enters from the first surface of the cylinder, through the
opening, and onto the subject. Light reflected from the surface of the subject’s head
may be redirected down to the subject by the curved surface of the photon recycling
device.

[0114]  The cylinder body may be made of a solid material. In an aspect, the
cylinder body may be made from plastic polyvinyl. In various aspects, the size of the
cylinder body may depend on the size of the skull to be imaged using the device. In an
aspect the cylinder body may range from about 5 cm to about 15 cm in diameter and
from about 2 cm to about 8 cm in height. In other aspects, the cylinder body diameter
may range from about 5 cm to about 9 cm, from about 7 cm to about 12 cm, and from
about 10 cm to about 15 cm. In additional aspects, the cylinder body height may range
from about 2 cm to about 4 cm, from about 3 cm to about 5 cm, from about 4 cm to
about 6 cm, from about 5 cm to about 7 cm, and from about 6 cm to about 8 cm. In one
aspect, the cylinder body may be about 7.6 cm in diameter and about 5.5 ¢cm in height.

[0115]  The device for photon recycling may include an opening extending
from the top surface of the cylinder body to the lower surface of the cylinder body. This
opening may be co-axially drilled into the cylinder body of the device. The opening may
allow for the transmission of a laser light through the body of the device. The diameter
of the opening may be minimized to reduce the amount of light reflecting off the surface

of the skull and escaping out through the opening. This arrangement will increase the
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likelihood that any reflected light from the head of the subject will be redirected back
down to the skull from the photon recycling device.

[0116] In an aspect, the opening within the photon recycling device may range
from about 0.5 cm to about 3 cm in diameter and from about 0.5 cm to about 4 cm in
height. In various aspects, the opening diameter may range from about 0.5 cm to about
1.5 cm, from about 1 cm to about 2 cm, from about 1.5 cm to about 2.5 cm, and from
about 2 cm to about 3 cm. In various aspects, the opening height may range from
about 0.5 cm to about 1.5 cm, from about 1 cm to about 2 cm, from about 1.5 cm to
about 2.5 cm, from about 2 cm to about 3 cm, from about 2.5 cm to about 3.5 cm, and
from about 3 cm to about 4 cm. In an additional aspect, the opening may be about 2.54
cm in diameter and about 2 cm in height.

[0117]  The lower surface of the cylinder body may be formed into a concave
curved surface. The vertex of the concave curved surface may be connected to the
opening. In an aspect, the curved surface may be a parabolic surface. A reflective
coating may cover the curved surface in an aspect. Non-limiting examples of suitable
reflective coatings include metallic coatings such as silver or aluminum, and white
coatings such as titanium white pigment. The reflective coating may be mixed with an
epoxy compound for application to the curved surface. The curved surface with the
reflective coating may be further smoothed to improve light reflectivity.

[0118] A schematic and a photograph of the PAT system with the photon
recycling device are shown in FIGS. 26A and 26B, respectively. The photon recycling
device may be positioned on top of a human skull to recycle the light scattered off of the
skull. The light beam may propagate through the central opening of the photon recycling
device, and may then be expanded by passing through at least one concave lens. In an
aspect, the opening may include two concave lenses. The opening may include a
plano-concave lens (12.7 mm aperture, 0.42 NA) and a bi-concave lens (12.7 mm
aperture, 0.5 NA) to illuminate the skull in one aspect.

[0119] In an aspect, use of the photon recycling device may improve the
photoacoustic signal-to-noise ratio by a factor of about 2.4 or more.
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EXAMPLES

[0120]  The following examples are included to demonstrate preferred
embodiments of the invention. It should be appreciated by those of skill in the art that
the techniques disclosed in the examples that follow represent techniques discovered
by the inventors to function well in the practice of the invention, and thus may be
considered to constitute preferred modes for its practice. However, those of skill in the
art should, in light of the present disclosure, appreciate that many changes may be
made in the specific embodiments which are disclosed and still obtain a like or similar

result without departing from the spirit and scope of the invention.

Example 1. Reconstruction of Biological Phantoms

[0121]  The reconstruction methodology is comprised of two primary steps.
First, the spatially varying SOS and density distributions of the to-be-imaged subject’s
skull are determined by use of adjunct X-ray CT data. These distributions are
subsequently employed with the time-reversal image reconstruction method described
above for estimation of po(r) within the brain tissue from knowledge of the measured
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[0122]  Two biological phantoms that employed a monkey skull were
employed in the experimental studies to demonstrate the effectiveness of the present
methodology. The first phantom was the head of an 8 month old rhesus monkey that
was obtained from the Wisconsin National Primate Research Center. The hair and scalp
were removed from the skull. A second, more simple, phantom was constructed by
removing the brain of the monkey and replacing it by a pair of iron needles of diameter 1
mm that were embedded in agar. This was accomplished by cutting off the calvaria to
gain access to the brain cavity.

[0123]  The wavefront aberration problem encountered in transcranial PAT is
conjugate to one encountered in transcranial focusing of high-intensity ultrasound for
therapy applications. Both problems involve a one-way propagation of ultrasound
energy through the skull and both require that the wavefront aberrations induced by the
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skull be corrected. The problems differ in the direction of the propagating acoustic
wavefields. The feasibility of utilizing skull information derived from adjunct X-ray CT
image data to correct for wavefield aberrations in transcranial focusing applications has
been demonstrated. As described above, this method was adopted for determining
estimates of co(r) and po(r), and thereby characterizing the acoustic properties of the

subject’s skull, from adjunct X-ray CT data.

Example 2: Images of Biological Phantoms

[0124] To accommodate the 2-D PAT imaging system and 2-D image
reconstruction method, imaging phantoms were moved to the image plane,
approximately 2 cm below the top of the skull. Note that this was not the plane in which
the cortical vessels are normally found; the primate brain was moved to align the
cortical vessels with the imaging plane. For in-vivo transcranial PAT applications in
which the cortical structure is of interest, the geometry of the skull necessitates a full 3-
D treatment of the image reconstruction problem. Additionally, accurate measurement
of the transducer’s electrical impulse response (EIR) and subsequent deconvolution of
its effect on the measured data may further improve image reconstruction accuracy.
Alternative reconstruction methods to the time-reversal image reconstruction method
employed in this study may yield additional improvements in image quality.

[0125]  Virtual point detectors were developed and applied for transcranial
PAT of the monkey brain. Compared to flat ultrasonic transducers, virtual point
ultrasonic transducers greatly improved the tangential resolution, radial resolution, and
SNR at the periphery. The virtual point transducer provided a 10 times greater field-of-
view (FOV) than finite aperture unfocused transducers, which enabled large primate
imaging. The increase in the acceptance angle of the detectors enable imaging of a
larger FOV, and thus the object shapes in the reconstructed images may be well
preserved, even when the target may be far from the scanning center. Compared to the

negative-lens ultrasonic transducers, the virtual point ultrasonic detectors provide an
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improved SNR (about 15% improvement) and avoid reverberation artifacts in the
reconstructed images.

[0126] The incorporation of the virtual point ultrasonic detector allowed PAT
imaging of a monkey brain cortex. A reconstruction methodology for transcranial PAT to
mitigate skull-induced aberration in the reconstructed image was also demonstrated.
The reconstruction methodology may reduce artifact levels as compared to use of
existing back-projection reconstruction methods. The cerebral cortex of a monkey brain
was accurately imaged transcranially through up to two skulls ranging from 4 to 8 mm in
thickness. The mass density and speed of sound distributions of the skull were
estimated from adjunct X-ray CT image data and utilized with a time-reversal method to
mitigate artifacts in the reconstructed image due to acoustic aberration. The
oxygenation saturation (sO,) in blood phantoms through a monkey skull was also
imaged and quantified, with results consistent with measurements by a gas analyzer.
The oxygenation saturation (sO3) in blood phantoms through a monkey skull was also
imaged and quantified, with results consistent with measurements by a gas analyzer.

[0127]  The results suggested that PAT imaging may overcome the optical and
ultrasound attenuation effects of a relatively thick skull. Further, the imaging aberrations
caused by skull acoustic discontinuities may be ameliorated to a great extent, and that
PAT brain cortex imaging of large animals may be feasible. Therefore, PAT imaging
methods may be potentially used for monitoring the blood-related pathological and
physiological status of human brains, especially for neonatal brains before the closure

of fontanelles.

Example 3: Images of Needle Phantom

[0128]  The reconstructed images corresponding to the head phantom
containing the needles are displayed in FIG. 6. FIG. 6A displays the control image of
the needles, without the skull present, reconstructed by use of a back-projection
method. FIGS. 6B and 6C display reconstructed images of the phantom when the skull
was present, corresponding to use of back-projection and the time-reversal
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reconstruction method utilized to estimate the SOS and density maps, respectively. All
images were normalized to their maximum pixel value, and were displayed in the same
grey-scale window. Due to the skull-induced attenuation of the high-frequency
components of the PA signals, which was not compensated for in the reconstruction
process, the spatial resolution of the control image in FIG. 6 A appears higher than the
images in FIGS. 6B and 6C. However, the image reconstructed by use of the time-
reversal method in FIG. 6C contains lower artifact levels and has an appearance closer
to the control image than the image reconstructed by use of the back-projection method
in FIG. 6B. This is expected, since the time-reversal method compensates for variations
in the SOS and density of the skull while the back-projection method does not.

[0129] These observations were corroborated by examination of profiles
through the three images shown in FIG. 6D, which correspond to the rows indicated by
the superimposed dashed lines on the images. The solid, dotted, and dashed lines
correspond to the reconstructed control image, and images reconstructed by use of the
back-projection and time-reversal methods, respectively. The average full-width-at-half-
maximum of the two needles in the images reconstructed by use of the time-reversal
method was reduced by 8% compared to the corresponding value computed from the

images obtained via the back-projection method.

Example 4: Images of Monkey Brain Phantom

[0130] The reconstructed images corresponding to the head phantom
containing the brain are displayed in FIG. 7. FIG. 7A displays photographs of the cortex
and outer surface of the skull. FIG. 7B displays the control image (skull absent)
reconstructed by use of the back-projection method. The images of the complete
phantom (skull present) reconstructed by use of the back-projection and time-reversal
methods are shown in FIGS. 7C and 7D, respectively. All images have been normalized
to their maximum pixel value, and are displayed in the same grey-scale window. As
observed above for the needle phantom, the brain image reconstructed by use of the
time-reversal method in FIG. 7D contains lower artifact levels and has an appearance
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closer to the control image than the image reconstructed by use of the back-projection
method in FIG. 7C.

[0131]  This observation was quantified by computing error maps that
represented the pixel-wise squared difference between the control and reconstructed
images with the skull present. FIG. 8A and 8B displays the error maps between the
control image and the images reconstructed by use of the back-projection and time-
reversal methods, respectively. The error maps were computed within the region interior
to the skull, which is depicted by the red contours superimposed on FIG. 5B-5D.
Additionally, the root mean-squared difference (RMSD) was computed by computing the
average values of the difference images. The RMSD corresponding to the back-
projection and time-reversal results were 0.085 and 0.038. These results confirm that
the image reconstructed by use of the time-reversal method, which compensated for the
acoustic properties of the skull, was closer to the control image than the image
produced by use of the back-projection method.

[0132] FIG. 9 shows PAT images of the monkey brain reconstructed by use of
a back-projection method with and without the cranium and dura mater. FIG. 9A shows
the PAT image of the monkey brain without the skull, which serves as a reference
image. FIG. 9B shows the PAT image of monkey brain with one skull, whose thickness
ranged from 2-4 mm. The skull thickness was increased by covering a second thicker
skull on the first skull, where the second skull thickness ranged from 2.5-4.5 mm. FIG.
9C shows the PAT image of monkey brain with the two skull thicknesses. Blood vessels
are associated in the different images by labeling them with the same numbers. The
visible blood vessels are marked with white bold numbers, while the invisible blood
vessels are marked with green numbers. In FIG. 9B, all of the blood vessels except #
10 are visible in the reconstructed image with one skull present. In the images
corresponding to two skulls present, half of the blood vessels (#2, 3, 4,5, 6, 8, 11, 12,
14, 15, and 16) may still be clearly imaged in FIG. 9C. The mean full width at half
maximum (FWHM) diameter of the reconstructed blood vessels, with two skull
thicknesses and without any skull, is 0.83 mm and 0.41 mm respectively.

[0133] The PAT image of the two tubes under the skull is shown in FIG. 10C,

corresponding to use of laser light of wavelength 630 nm. The sO, maps of the two
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tubes without and with the skull are shown in FIGS. 10A and 10B. By comparing this
result with the result measured from a gas analyzer, the computed sO, accuracy was
determined to be about 8% in the PAT image corresponding to the skull present case.
This suggests that transcranial PAT imaging of sO, values is feasible, and PAT may
potentially be employed for functional primate brain imaging.

[0134]  FIG. 11 shows the effectiveness the reconstructed methodology to
mitigate image artifacts due to acoustic aberration caused by the skull. FIG. 11A is the
PAT image without a skull present (the reference image) reconstructed by the back-
projection method. PAT images of the monkey brain with a skull present reconstructed
by use of the back-projection and time-reversal methods are shown in FIGS. 11B and
11C, respectively. All images have been normalized to their maximum pixel value, and
are displayed in the same grey-scale window. As may be seen, the image reconstructed
by use of the time-reversal method in FIG. 11C contains reduced artifact levels as
compared to FIG. 11B and is much closer in appearance to the reference image. Note
that the blood vessels near the skull boundary in FIG. 11C are well compensated for
and much clearer than in the image without aberration compensation (FIG. 11B).

Example 5: Adjunct Imaging of Biological Phantoms

[0135] The monkey skull that was part of both phantoms described in
Example 1 was imaged using an X-ray CT scanner (Philips Healthcare, Eindhoven, The
Netherlands) located at Washington University in St. Louis. Prior to imaging, three
fiducial markers were attached to the skull to facilitate co-registration of the determined
SOS and density maps with the reference frame of the PAT imaging system. The three
fiducial markers [see FIG. 4A] were iron balls of diameter of 1.5 mm and were carefully
attached to the outer surface of the skull. The fiducial markers were located in a
transverse plane that corresponded to the to-be-imaged 2-D slice in the PAT imaging
studies described below. In the X-ray CT studies, the tube voltage was set at 130 kV,
and a tube current of 60 A was employed. Images were reconstructed on a grid of 700
by 700 pixels of dimension d= 0.1 mm. This pixel size is much less than the smallest
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wavelength (0.5 mm) detected by the ultrasound transducer used in the PAT imaging
studies described below. This precision is sufficient to accurately model acoustic wave
propagation in the skull by using the k-space pseudospectral methods. The
reconstructed CT image is displayed in FIG. 4A.

[0136] From knowledge of the CT image, the porosity map ®x was computed
according to Egn. (VI). Subsequently, the density and SOS maps px and ¢k were
computed according to Egns. (VII) and (VIII). Images of the estimated cx and px maps
are displayed in FIG. 4B and 4C. To corroborate the accuracy of the adopted method
for estimating the skull's SOS and density distributions from X-ray CT data, i.e., Egns.
(V1) and (VIII), direct measurements of the skull's average SOS along ray-paths
perpendicular to the skull surface at five locations were acquired. This was
accomplished by use of a photoacoustic measurement technique depicted in FIG. 5A.
Additionally, the average density of the skull was computed and compared to the
average computed from the values estimated from the X-ray CT data. The results show
that the directly measured average SOS and density are very close (about 1 to 6%) to
the estimated values from CT data. These results corroborate the adopted method for
estimating the skull’s SOS and density distributions from adjunct X-ray CT data.

Example 6: PAT Imaging Studies - Data Acquisition

[0137]  After the skull's SOS and density distributions were estimated from the
adjunct X-ray CT data, the two phantoms (that included the skulls) were imaged by use
of the PAT imaging system shown in FIG. 5B. Images of the two phantoms with the
skull removed, i.e., images of the extracted monkey brain and crossed needles
embedded in agar, were also acquired, which will serve as control images. The imaging
system employed a 2-D scanning geometry and has been employed in previous studies
of PAT imaging of monkey brains. The imaging plane and fiducial markers were chosen
to be approximately 2 cm below the top of the skull, such that the imaging plane was
approximately normal to the skull surface at that plane. The phantoms (crossed needles
and the primate cortex) were moved to the imaging plane, so that the amount of
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acoustic energy refracted out of the imaging plane was minimized. Additionally, the
system was aligned to ensure the scanning plane and the imaging plane coincided.

[0138] The phantoms were immersed in a water bath and irradiated by use of
a tunable dye laser from the top (through the skull for the cases when it was present) to
generate PA signals. The laser (NS, Sirah), which was pumped by a Q-switched
Nd:YAG laser (PRO-35010, Newport) operating at a wavelength of 630 nm with a pulse
repetition rate of 10 Hz, was employed as the energy source. The laser beam was
expanded by use of a piece of concave lens and homogenized by a piece of ground
glass before illuminating the target. The energy density of the laser beam on the skull
was limited to 8 md&m? (within the ANSI standard), which was further attenuated and
homogenized by the skull before the laser beam reached the object. As shown in FIG.
5, a circular scanning geometry with a radius of 9 cm was employed to record the PA
signals. A custom-built, virtual point ultrasonic transducer was employed that had a
central frequency of 2.25 MHz and a one-way bandwidth of 70% at -6 dB. Additional
details regarding this transducer have been published elsewhere. The position of the
transducer was varied on the circular scan trajectory by use of a computer-controlled
step motor. The angular step size was 0.9 degrees, resulting in measurement of

Pt g m = 1, ...,M =400 locations on the scanning circle. The total acquisition

time was approximately 45 min.

[0139] The PA signals received by the transducer were amplified by a 50-dB
amplifier (5072 PR, Panametrics, Waltham, MA), then directed to a data-acquisition
(DAQ) card (Compuscope 14200;Gage Applied, Lockport, IL). The DAQ card was
triggered by the Q-switch signal from the laser to acquire the photoacoustic signals
simultaneously. The DAQ card features a high-speed 14-bit analog-to-digital converter
with a sampling rate of 50 MS%. The raw data transferred by the DAQ card was then

stored in the PC for imaging reconstruction.
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Example 7: PAT Imaging Studies: - Image Reconstruction

[0140] Image reconstruction was accomplished in two steps: (1) registration of
the SOS and density maps of the skull to the PAT coordinate system and (2) utilization
of a time-reversal method for PAT image reconstruction in the corresponding
acoustically heterogeneous medium.

[0141]  The estimated SOS and density maps ¢k and px were registered to the
frame-of-reference of the PAT imaging as follows. From knowledge of the PAT
measurement data, a scout image was reconstructed by use of a half-time
reconstruction method. This reconstruction method may mitigate certain image artifacts
due to acoustic aberrations, but the resulting images will, in general, still contain
significant distortions. The PAT image of monkey head phantom (with brain present)
reconstructed by use of the half-time method is displayed in FIG. 4D. Although the
image contains distortions, the three fiducial markers are clearly visible. As shown in
FIG. 4A, the fiducial markers were also clearly visible in the X-ray CT image that was
employed to estimate the SOS and density maps of the skull. The centers of the fiducial
markers in the X-ray CT and PAT images were determined manually. From this
information, the angular offset of the X-ray CT image relative to the PAT image was
computed. The SOS and density maps were downsampled by a factor of two, to match
the pixel size of the PAT images, and rotated by this angle to register them with the PAT
images.

[0142]  The re-orientated SOS and density maps were employed with the k-
space time-reversal PAT image reconstruction method. The numerical implementation
of this method provided in the Matlab k-Wave Toolbox was employed. The measured
PA signals were pre-processed by a curvelet denoising technique prior to application of
the image reconstruction method. The initial pressure signal, po(r), was reconstructed
on a grid of 1000 x 1000 pixels of dimension 0.2 mm. For comparison, images were
also reconstructed on the same grid by use of a back-projection reconstruction method.
This procedure was repeated to reconstruct images of both phantoms and the

corresponding control phantoms (phantoms with skulls removed).
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Example 8: Validation of Speed-of-Sound and Density Maps

[0143]  The density and speed-of-sound of the skull were directly measured to
corroborate the accuracy of the adopted method for estimating the skull’s SOS and
density distributions from X-ray CT data. By using the water displacement method, the

measured average density of the monkey skull *¢is 1890 kg/m°. The average density

4‘}(,‘:. .
of the skull ¥ **may also be estimated from CT data:

St e (-
N "'

Eqgn. (LIIN)

where p" = 1000 kg/m® is the density of water, p° = 2100 kg/m® is the density of skull,

dy is the porosity of the k™ pixel of the skull, and N is the total number of pixels of the

skull in the CT image. The estimated average density of the skull, Pa 1910 kg/m®is

very close (about 1%) to the measured value ied 2 1890 kg/m®.

[0144] The SOS in the skull was measured using a photoacoustic approach,
as shown in FIG. 5B. A laser beam was split by use of a beam splitter and directed by
mirrors to two convex lenses. The two convex lenses (NA = 0.04, depth of focus about
300 mm) focused the laser beam on the inner and outer surface of the skull, and the
line connecting the two focused beam spots (about 80 microns) was perpendicular to

the skull surface. The ultrasonic transducer was placed coaxially with the laser spots;

o
therefore, the average SOS ¥ between the two laser spots was calculated by:

h

o T ld Eqn. (LIV)

where tyis the time delay between the PA signals from the inner and outer surfaces of
the skull, ¢" = 1480 m/s is the speed-of-sound in water, and h is the thickness of the

skull at the laser spots. ~#*was measured at the five locations on the skull that are
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indicated in FIG. 4A. The measured SOS values are displayed in the second column of
Table 1. Table 1 shows the measured average SOS (cpa) via the PA experiment
(column 2) and the estimated average SOS (c«) from the CT measurements (column 3)

for the five measurement locations [see FIG. 4A].

Table 1:
Fosition SIOS (P& i myfs SO& {Ch in mys
2P0 B0 R0
2 740 & B0 2830
3 ZFABO G &0 2840
4 SE20 & W0 2720
5 2HEPN 5 &0 2430

[0145]  The corresponding average SOS values were also computed by use of
the X-ray CT image data and compared to the measured values. In order to determine
the five locations on the CT image that correspond to the measurement locations
described above, the arc lengths were measured between the fiducial markers and the

measured locations. Then the average SOS Cot at these locations may be estimated
from CT data [derived from Eqgn. (XII)]:

s R T Eqn. (LV)

where ®;is the porosity of the /" pixels on the line connecting the two laser spots, and is
calculated from bilinear interpolation of the neighbor pixel values in the CT image; ¢’ =
2900 m/s is the speed-of-sound of skull bone, and d = 0.1 mm is the resolution of the
CT image. The estimated SOS at these locations are shown in the last column of Table
1. The root mean square difference between the SOS inferred from the PA experiment
and the SOS inferred from the CT data is 105 m/s.
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Example 9: PAT System for Brain Imaging

[0146] A PAT system was employed for monkey brain imaging, as shown in
FIG. 5B. A Q-switched Nd:YAG laser (PRO-350- 10, Newport) with a 6.5 ns pulse
duration and a 10 Hz pulse repetition rate was used as an energy source. The laser
beam was expanded by use of a piece of concave lens and homogenized by a piece of
ground glass before illuminating the target. The energy density of the laser beam on the
skull was controlled to 8 mJ/cm? (i.e. within the ANSI standard). The target sample was
immersed in water and irradiated by a laser beam from the top, and an ultrasound
detector scanned the sample circularly with a scanning radius of 9 cm on the plane
orthogonal to the irradiation direction over 400 angles. The PA signals received by the
transducer were amplified by a 50-dB amplifier (5072 PR, Panametrics, Waltham, MA),
then directed to a data-acquisition (DAQ) card (Compuscope 14200; Gage Applied,
Lockport, IL). The DAQ card was triggered by the Q-switch signal from the laser to
acquire the PA signals simultaneously. The DAQ card features a high-speed 14-bit
analog-to-digital converter with a sampling rate of 50 MS/s. The raw data transferred by
the DAQ card was then stored in the PC for imaging reconstruction.

[0147]  The custom-built virtual point ultrasonic detector (from GE Healthcare)
employed had a 2.25-MHz central frequency with 70% bandwidth. The virtual detector is
equivalent to point detector in their receiving angle and FOV; however, it possesses a
much greater receiving surface and sensitivity. As shown in FIG. 5C, the virtual point of
the convex transducer is located behind the receiving surface. The focus is 9.7 mm
behind the most protruding point on the transducer surface. The acceptance angle is
defined as the angle at which the radiation power decreases more than 6 dB. The
convex part of the curved surface is 2.5 mm in depth, and its cross sectional diameter is
13 mm. Thus the receiving angle is 87.8%, compared to 8.6° for a flat transducer.

[0148] Rhesus monkey heads, obtained from the Wisconsin National Primate
Research Center, were immediately immersed in 10% formalin solution after harvest.
The blood vessels were well maintained for PAT experiments, and the hair and scalp
were removed. The dimensions of the head in the axial plane were about 8 cm x 6 cm,

and the laser irradiation area was approximately 5 cm x 5 cm. Imaging hemoglobin
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oxygen saturation (sO,) is significant to understand brain pathological information and
hemodynamics. It is also invaluable for numerous medical applications, such as
evaluating the effects of chemotherapy and radiotherapy, monitoring the healing
process of wounds. As the first demonstration, two tubes with different sO, were placed
directly below the skull to simulate blood vessels in the brain. The plastic tubes are
transparent for light to penetrate, and one tube was filled with 98% sO, bovine blood
simulating ‘artery’. The other tube was filled with 67% sO, bovine blood simulating
‘vein’. 630 nm and 640 nm wavelengths were used to compute the sOs..

[0149]  To determine the SOS and density maps of the skull for use with the
time-reversal image reconstruction method, X-ray CT image data were employed. The
monkey skull was attached with three fiducial markers and imaged using an X-ray CT
scanner (Philips Healthcare, Eindhoven, The Netherlands) located at Washington
University in St. Louis. Details regarding this system may be found in reference. From
knowledge of the CT image, the porosity map ®x was computed according to Egn. (IX).
Subsequently, the density and SOS maps px and ¢ were computed according to Egns.
(X) and (XI). The SOS and density maps of the skull were subsequently registered to
the PAT coordinate system through three fiducial markers visible in both CT image and
PAT image, which was reconstructed by a half-time method. The registered SOS and
density maps were employed with the k-space time-reversal PAT image reconstruction
method.

Example 10: Implementation of the Forward and Backprojection Operators

[0150]  Numerical studies were conducted to demonstrate the effectiveness
and robustness of the proposed discretized imaging model in studies of iterative image
reconstruction from incomplete data sets in 2-D and 3-D PACT. Specifically, the system
matrix and its adjoint, as formulated in Section Ill, were employed with an iterative
image reconstruction method that was designed to minimize a PLS cost function that
contained a total variation (TV) penalty term. The performance of the reconstruction
method was compared to an existing TR-based reconstruction method.
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[0151]  The k-space pseudospectral method for numerically solving the
photoacoustic wave equation was implemented in the MATLAB k-Wave toolbox. This
toolbox was employed to compute the action of H. To prevent acoustic waves from
leaving one side of the grid and re-entering on the opposite side, an anisotropic
absorbing boundary condition called a perfectly matched layer (PML) was employed to
enclose the computational grids. The performance of the PML was dependent on both
the size and attenuation of the layer. A PML thickness of 10 grid points, together with a
PML absorption coefficient of 2 nepers per meter, were found to be sufficient to reduce
boundary reflection and transmission for normally incident waves. To accurately and
stably model wave propagation, the temporal and spatial steps were related by the
Courant—Friedrichs—Lewy (CFL) number as:

o Eqgn. (LVI)

A <

where “¥min is the minimum grid spacing, and a CFL number of 0.3 typically provides
a good compromise between computation accuracy and speed.
[0152]  The action of the backprojection matrix on the measured pressure data

WA B & g A~
Fwas implemented according to Eqn. (LII). It may be verified that P P=H Pmay
be computed as:

M © Par-y Eqn. (LVII)

moe=M—1---.1  Egn v
Pty Eqgn. (LIX)
[0153]  Since 0 and r are both sparse matrices that may be stored and

transposed, & Pugng TV may be readily computed. Most of block matrices in the

propagator matrix Ware zero or identity matrices. Therefore, to compute W v we
only need to compute the actions of transposed nontrivial block matrices in W.
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Example 11: Reconstruction Methods

[0154] By use of the proposed discretized imaging model and methods for
implementing Hand H', a wide variety of iterative image reconstruction methods may be
employed for determining estimates of po. In this work, we utilized a method that sought
solutions of the optimization problem:

Po = argrain 1P — Hpoll® + Apolyy
pra 0 Eqgn. (LX)
where A is the regularization parameter, and a non-negativity constraint was employed.
For the 3-D case, the TV-norm is defined as:

N o

Polpy = {( pol — pok- )

Fpn ]
S
R ¢ ]

S

. -

Eqgn. (LXI)

where [po]» denotes the nth grid node, and p‘? gp“]“;, [I""“}*}s? are neighboring nodes
before the nth node along the first, second and third dimension, respectively. The fast
iterative shrinkage/thresholding algorithm (FISTA) was employed to solve Eqgn. (LXI).
The regularization parameter was empirically selected to have a value of 0.001 and was
fixed for all studies.

[0155] A TR image reconstruction method based on the k-space
pseudospectral method was also utilized. The TR reconstruction method solves the
discretized acoustic Egns. (XXV)—(XXVIl) backward in time subject to initial and
boundary conditions. The parameters of the PML boundary condition were the same
with the ones employed in the system matrix construction.

[0156] For both methods, images were reconstructed on a uniform grid of 512
x 512 pixels with a pitch of 0.2 mm for the 2-D simulation studies and on a 256 x 256 x
128 grid with a pitch of 0.4 mm for the 3-D studies. All simulations were computed in the
MATLAB environment on a workstation that contained dual hexa-core Intel Xeon E5645
CPUs and a NVIDIA Tesla C2075 GPU. The GPU was equipped with 448 1.15 GHz
CUDA Cores and 5 GB global memory. The Jacket toolbox was employed to perform
the computation of Egns. (XXV)—(XXVII) and (XLVII)—(XLIX) on the GPU.
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Example 12: Computer-Simulation Studies of 2-D PACT

[0157] Scanning geometries: Three different 2-D scanning geometries were
considered to investigate the robustness of the reconstruction methods to different
types and degrees of data incompleteness. A “full-view” scanning geometry utilized 180
transducers that were evenly distributed on a circle of radius 40 mm. A “full-view”
scanning geometry utilized 60 transducers that were equally distributed on the circle.
Finally, a “limited-view” scanning geometry utilized 90 transducers that were evenly
located on a semi-circle of radius 40 mm.

[0158]  Numerical phantoms: The two numerical phantoms shown in FIG. 12A
and 12B were chosen to represent the initial pressure distributions in the 2-D computer-
simulation studies. The blood vessel phantom shown in FIG. 12A was employed to
investigate the robustness of the reconstruction methods with respect to different types
and degrees of data incompleteness mentioned above. The low contrast disc phantom
displayed in FIG. 12B was employed to investigate the robustness of the reconstruction
methods with respect to errors in the SOS and density maps.

[0159] Measurement data: Assuming ideal point-like transducer and
neglecting the transducer EIR and acoustic attenuation, simulated pressure data
corresponding to the numerical phantoms were computed at the transducer locations by
use of the k-space pseudospectral method for the three measurement geometries. To
avoid committing an “inverse crime”, a 1024 x 1024 grid with a pitch of 0.1 mm was
employed in this computation. A total of 20 000 temporal samples were computed at
each transducer location with time step At = 30 ns, all of which were employed by the
TR image reconstruction method. However, only the first 1500 temporal samples were
employed by the iterative reconstruction method. The same procedure was repeated for
noisy pressure data, where 3% (with respect to maximum value of noiseless data)
additive white Gaussian noise (AWGN) was added to the simulated pressure data.

[0160]  Investigation of systematic errors: The SOS and density maps
employed in the simulation studies were representative of a monkey skull. The
dimensions of the skull were approximately 7 cm x 6 cm, and its thickness ranges from
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2 to 4 mm. FIGS. 13A and 13B shows a transverse slice of the SOS and density maps,
which were used in the 2-D simulations.

[0161]  Since errors in the estimated SOS and density maps are inevitable
regardless in how they are determined, the robustness of the reconstruction methods
was investigated with respect to the SOS and density map errors, which were
generated in two steps. First, 1.3%(with respect to maximum value) uncorrelated
Gaussian noise with mean value of 1.7% of the maximum value was added to the SOS
and density maps to simulate inaccuracy of the SOS and density values. Subsequently,
the maps were shifted by 7 pixels (1.4 mm) to simulate a registration error. FIGS.13C
and 13D show profiles of the SOS and density maps with those errors along the “X"-axis
indicated by the arrows in FIGS. 13A and 13B, respectively.

Example 13: Computer-Simulation Studies of 3-D PACT

[0162] Because PACT is inherently a 3-D method, we also conducted 3-D
simulation studies to evaluate and compare the iterative reconstruction method and the
TR method. As in the 2-D studies described above, the 3-D SOS and density maps
were representative of a monkey skull. A 3-D blood vessel phantom was positioned
underneath the skull to mimic the blood vessels on the cortex surface. To demonstrate
this configuration, FIG. 12C shows the overlapped images of the 3-D phantom and the
skull. The assumed scanning geometry was a hemispherical cap with radius of 46mm,
and 484 transducers were evenly distributed on the hemispherical cap by use of the
golden section spiral method. The pressure data were computed on a 512 x 512 x 256
grid with a pitch of 0.2mmand a time step At= 30 ns. The simulated pressure data were
then contaminated with 3% AWGN. The TR reconstruction method employed 2000
temporal samples at each transducer location, whereas the iterative method employed

1000 samples.
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Example 14: Studies Ulilizing Experimental Data

[0163]  Since the acoustic absorption and dispersion were modeled by the
system matrix, the iterative method may naturally compensate for absorption and
dispersion effects during reconstruction. To demonstrate the compensation for those
effects, images were reconstructed by use of the iterative method with experimental
data obtained from a well-characterized phantom object that is displayed in FIG. 14.
The phantom contained six optically absorbing structures (pencil leads with diameter 1
mm) embedded in agar. These structures were surrounded by an acrylic cylinder, which
represents the acoustic heterogeneities and absorption in the experiments. The cylinder
had inner and outer radii of 7.1 and 7.6 cm, respectively, and a height of 3 cm. The
density and SOS of the acrylic were measured and found to be 1200 kg-m=and 3100
m-s”, and the estimated acoustic absorption parameters were found to be a, = 1.3 dB
MHz”-cm™ and y = 0.9. These values were assigned to the annular region occupied by
the acrylic in the 2-D SOS maps cy(r), density map po(r) and attenuation coefficient
aolr), respectively. The SOS value 1480 m-s™ and density value 1000 kg-m~of water
were assigned elsewhere. Since we neglected the relatively weak acoustic attenuation
due to the water bath and agar, a,(r) was also set to zero elsewhere.

[0164]  The experimental data were acquired from a cylindrically focused
ultrasound transducer that had a central frequency of 2.25 MHz with a bandwidth of
70%. The transducer was scanned along a circular trajectory of radius 95 mm, and 20
000 temporal samples were measured at each transducer location at a sampling rate of
20 MHz. Images were reconstructed by use of PA signals recorded at 200, 100 (over
180°), and 50 transducer locations, which correspond to the full-view, limited-view, and
few-view scanning geometry, respectively. The TR reconstruction method employed 20
000 temporal samples at each transducer location, while the iterative method employed
2000 samples. The reference images were also reconstructed by use of the data
obtained at 200 transducer locations when the acrylic cylinder was absent. Since the
pencil lead phantom is expected to generate quasi-cylindrical waves and the
morphology of the acoustic heterogeneity (the acrylic shell) was a cylinder, the
cylindrical wave propagation may be approximated by the 2-D PA wave equation.
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Accordingly, a 2-D imaging model was used, and all the reconstructions were performed
on a grid of 512 x 512 pixels with a pitch of 0.5 mm. The effects of shear wave
propagation in the acrylic cylinder were neglected, which were expected to be of
second-order importance compared to wavefield perturbations that arise from
inhomogeneities in the SOS and density distributions.

Example 15: Computer-Simulations Corresponding to Different Scanning

Geometries

[0165]  The reconstructed images corresponding to the three scanning
geometries are displayed in FIGS. 15-18. In each figure, the results in the top row
correspond to use of the TR reconstruction method, while the bottom row shows the
corresponding results obtained by use of the iterative method. The profiles shown in
each figure are along the “Y"-axis indicated by the arrow in FIG. 15A. The red solid lines
and blue dashed lines correspond to profiles through the phantom and reconstructed
images, respectively. With the full-view scanning geometry, the TR method and the
iterative method both produce accurate reconstructed images. However, with the few-
view and the limited-view scanning geometries, the images reconstructed from the
iterative method contain fewer artifacts and less noise than the TR results. Also, the
values of the images reconstructed from the iterative method are much closer to the
values of the phantom than those produced by the TR method. The root mean square
error (RMSE) between the phantom and the reconstructed images were also computed.
The RMSE of images reconstructed by use of the TR method and the iterative method
corresponding to noisy pressure data with the full-view, few-view, and limited view
scanning geometries are 0.011, 0.042, 0.081 and 0.003, 0.007, 0.008, respectively. The
computational time of the TR method was 1.7 min, while the iterative method took
approximately 10 min to finish 20 iterations.
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Example 16: Simulation Results with Errors in SOS and Density Maps

[0166]  FIG. 19 shows the images reconstructed from noisy pressure data
corresponding to the low contrast disc phantom in the case where SOS and density
maps have no error. The results corresponding to TR and iterative image reconstruction
methods are shown in the top and bottom row, respectively. The RMSE corresponding
to the time-reversal and the iterative results are 0.026 and 0.007, respectively. These
results suggest that the iterative method may more effectively reduce the noise level in
the reconstructed images than the time-reversal method.

[0167]  The images reconstructed by use of the SOS and density maps with
errors are shown in FIG. 20. The image produced by the iterative method has cleaner
background than the TR result, and the RMSE corresponding to the TR and the iterative
results are 0.086 and 0.034, respectively. The boundaries of the disc phantoms also
appear sharper in the image reconstructed by the iterative method as compared to the
TR result. This may be attributed to the TV regularization employed in the iterative
method. These results suggest that appropriately regularized iterative reconstruction
methods may be more robust to the errors in the SOS and density maps than the TR

method.

Example 17: 3-D Simulation

[0168] The 3-D blood vessel phantom and the reconstructed images were
visualized by the maximum intensity projection (MIP) method. FIG. 21A shows the
phantom image, and FIGS. 21B and 21C display the images reconstructed by use of
the TR method and the iterative method, respectively. They are all displayed in the
same grey scale window. The RMSE corresponding to the TR and the iterative results
are 0.018 and 0.003, respectively. These results suggest that the iterative method is
robust to the data incompleteness and the noise in the pressure data. The
computational time of the TR method was approximately 6 min, while the iterative

method with 10 iterations required 110 min.
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Example 18: Experimental Results

[0169] The images reconstructed from the experimental data are shown in
FIGS. 22-25. FIG. 22 shows the image reconstructed with the full-view scanning
geometry by use of the TR method (top row) and the iterative method (bottom row).
FIGS. 22A and 22C display the reference images produced by each of the methods
when the acrylic shell was absent. FIGS. 22B and 22E show the reconstructed images
for the case when the acrylic shell was present. The RMSE between FIGS. 22B and
22D and the reference images FIGS. 22A and 22C are 0.003 and 0.002, respectively.
FIG. 23A and 23C shows the images reconstructed with the few-view scanning
geometry when the acrylic shell was present. The corresponding image profiles are
displayed in FIGS. 23B and 23D. The profiles of FIGS. 23A and 23C along the “Y”-axis
were shown in FIG. 24, which shows that the iterative method produced higher
resolution images than the TR method. This may be attributed to the TV regularization
that mitigates model errors that arise, for example, by neglecting the shear wave and
finite transducer aperture effects. The RMSE between FIG. 23B and 23D and their
reference images are 0.005 and 0.002, respectively. FIG. 25 displays the images
reconstructed with the limited-view scanning geometry when the acrylic shell was
present. The RMSE between FIGS. 25A and 25C and their reference images are 0.007
and 0.003, respectively. These results show that the iterative method may effectively
compensate for the acoustic attenuation and mitigate artifacts and distortions due to

incomplete measurement data.

Example 19: Modeling Transducer Impulse Responses

[0170]  An important feature of the proposed discretized PACT imaging model
is that the transducer’s impulse responses, including the spatial impulse response (SIR)
and the acousto-electrical impulse response (EIR), may be readily incorporated into the
system matrix.

[0171]  The SIR accounts for the averaging effect over the transducer surface,

which may be described as:
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transducer, S{T7 is the surface area of the fth transducer centered at *# .
[0172] In order to incorporate the SIR into the system matrix, the transducer
surface may be divided into small patches with equal area that is much less than the

acoustic wavelength, so the integral in (45) may be approximated by:

SEIR ¢ d A SIR . {
P S A A Il 10
FUR § FEY P Egn. (LXIII)
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where Pin = (ptlrp it ) pled oma - genotes the acoustic pressure at
patches of th transducer at time mAt Here for simplicity, all the transducers are
assumed to be divided into K patches with equal area AS, and it is readily to extend to

general cases where fth transducer is divided into K;patches with area of ASk.
[0173] Recalling the measured pressure data P and P defined for point-

like transducer, we may redefine P# as a KL x 1 vector that represents the acoustic
pressure at patches of transducers with finite area at time t= mAtas:

L P Egn. (LXIV)

[0174]  The corresponding p may be redefined as a KLM x 1 vector denoting

the measured pressure data corresponding to all transducer and temporal samples as:

L Pag—id Eqn. (LXV)
[0175]  The averaged pressure measured by all transducer and temporal
samples may be defined as the LM x 1 vector:
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Egn. (LXVI)

Eqn. (LXVII)
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PandP  may be related as:

Egn. (LXVIII)
where the KLM x LM matrix is:
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[0176]  The EIR models the electrical response of the piezoelectric transducer.
With the assumption that the transducer is a linear shift invariant system with respect to
the input averaged pressure time sequence, the output voltage signal is the convolution
result of the input and the EIR.

[0177] For simplicity, the transducers are assumed to process identical EIR,

S ke L., heyd . .
and IethL = (A, Ay be the discrete samples of the EIR. The input averaged

pressure time sequence of the fth transducer may be defined as an L x 1 vector

SE = aSIR L ASTR e VAL
Pigry = (00 M = DAY Then the output voltage signal

IR
I of the h transducer may be expressed as a (J+ M—1) x 1 vector:

SRS S
Py = }1 * pQH*)« Eqn (LXX)
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where denotes discrete linear convolution operation, which may be constructed as a
matrix multiplication by converting one of the operands into the corresponding Toeplitz

matrix.

[0178]  The output voltage signals of all transducers may then be computed

as:
s TR e RIE - STE
B ™ p Eqgn. (LXXI)
where the L(J+ M—1) x LM matrix
,},,-E;IF:,‘-
PER (
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) A Egn. (LXXII)
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[0179]  Itis then found that

Egn. (LXXIV)
and the corresponding system maitrix that incorporates the transducer impulse
responses is found to be:
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Example 20: Imaging of a Graphite Phantom Through a Human Skull

[0180] A graphite phantom and the cerebral cortex of a canine brain were
successfully imaged through the skull in the differential images. The photon recycling

device was positioned on top of human skull to recycle the light scattered off of the
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skull. The light beam propagated through the central hole of the photon recycling
device, and then was expanded by passing through a plano-concave lens (12.7 mm
aperture, 0.42 NA) and a bi-concave lens (12.7 mm aperture, 0.5 NA) to illuminate the
skull. The illumination source was a laser operating at 1064 nm wavelength (Vibrant HE
3151, Opotek, Inc., CA). The laser pulse had a repetition rate of 10 Hz and a pulse width
of 5 ns. The fluence of each laser pulse on the top skull surface was well below 40
mJ/cm?

[0181]  The intact human skull was purchased (Skull Unlimited International
Inc. Oklahoma City, OK) and was donated by an 83-year-old Caucasian male. The
natural skull was fixed with the aid of dermestid carrion beetles. The skull was
subsequently cleaned by use of hydrogen peroxide and a degreaser. The length, width,
and height of the fixed skull were 22 cm, 15 cm and 15 cm, respectively. We expanded
the foramen magnum to place samples inside the skull. The thickness of the skull is
inhomogeneous, ranging from ~7 mm temporal area) to ~11 mm (frontal area). The
measured light transmittance through a fixed human skull was reported to be similar to
previously computed light transmittance of a fresh skull. Also the effects of fixation on
the acoustic properties of skull have been demonstrated to be minor. Because of this,
fixed skulls have long been used for transcranial ultrasound research. Therefore, a fixed
skull may be employed as a study model for transcranial PAT.

[0182] A 1-MHz spherically focused transducer (V314, Panametrics,
Olympus) circularly scanned the skull to receive PA signals at 200 positions. The
received PA signals were amplified by a 50-dB amplifier (5072 PR, Panametrics,
Waltham, MA), then directed to a data-acquisition (DAQ) card (CS 14200; Gage
Applied, Lockport, IL). The DAQ card was simultaneously triggered by the Q-switch
signal from the laser to record the PA data in computer for back-projection
reconstruction. To compensate the PA amplitude for laser fluence fluctuation, the laser
pulses were sampled by a photodiode (SMO5PD1A, Thorlabs).

[0183] A triangular target composed of three graphite bars with a diameter of
0.7 mm was embedded in agar as the test phantom. Initially, the phantom was moved
inside the empty skull, but out of the light illumination area for PAT with PR, as shown in

FIG. 27A (skull only). Then the phantom was moved to the cortical area inside the skull
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without changing other experimental conditions, and the corresponding PAT image is
shown in FIG. 27B. The PA signals in FIG. 27B are slightly greater than signals in FIG.
27 A due to the absorption contribution of the graphite. The triangular shape may be
found in FIG. 27B despite the strong background signals from the skull. The differential
image in FIG. 27C [FIG. 27B subtracted by FIG. 27A] reveals the triangle more clearly
with a high signal to background contrast than that in FIG. 27B. Each image was
acquired five times to calculate the signal-to-noise ratio (SNR, defined as an amplitude
ratio here), and the average images are shown. The standard deviation image of the
five differential images is shown in FIG. 27D. The difference between the PAT images
acquired without the photon recycling device (left column marked with ‘Without PR’) and
with the photon recycling device (right column marked with ‘With PR’) is that the latter
have stronger signals than the former while the noise in standard derivation did not
change significantly. That is because diffusely reflected light from the skull was recycled
back toward the skull by the photon recycling device to generate more PA signals.
Based on the respective five differential images acquired with and without the photon
recycling device, the SNR was found to be enhanced by the photon recycling device 2.4
times from 6.3 to 15.

Example 21: Imaging of a Canine Brain Through a Human Skull

[0184]  After craniotomy on a 3-month-old canine, the brain was obtained and
immediately immersed in 10% formalin solution to maintain the vasculature. All
procedures in the animal experiments followed the protocols approved by the
Institutional Animal Care and Use Committee at Washington University in St. Louis.
PAT imaging of the canine brain cortex through the human skull with the photon
recycling device was conducted with the same procedure as employed in the
aforementioned phantom experiment in Example 20. The PAT image with only the skull
present is shown in FIG. 28A. After the canine brain cortex was positioned in the
cortical area of the skull, a similarly distorted PAT image was obtained as displayed in
FIG. 28B. However, the differential PAT image shown in FIG. 28C [FIG. 28A subtracted
from FIG. 28B] reveals brain features that are readily identifiable. Since high-frequency
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signals were more attenuated by the thick skull [shown as a top-view photograph in FIG.
28E], the surviving PA signals were low-pass filtered. As a result, the reconstructed
images possess a slowly varying background and a lack of sharp features as shown in
FIG. 28C. After applying a high-pass filter on the image in FIG. 28C, many more
features are clearly revealed as shown in FIG. 28D.The background was suppressed at
the expense of reducing the peak signal amplitude about 1.8 times. Eight main blood
vessels were marked by numbered arrows, which have good correlation with the
features in the photograph of the canine brain in FIG. 28F.
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CLAIMS

What is claimed is:

1. A method of imaging a brain situated within a skull of a subject, comprising:

obtaining an adjunct image dataset corresponding to the skull of the

subject;

analyzing the adjunct image dataset to specify one or more parameters of
a spatial model of one or more acoustic properties of the skull;

obtaining one or more photoacoustic imaging signals corresponding to the

brain of the subject through the skull of the subject at a skull spatial position;

registering the spatial model with the skull spatial position to establish an

imaging model; and

reconstructing a photoacoustic image of the subject’s brain by
implementing an image construction method using the imaging model and the

one or more photoacoustic signals.

2. The method of claim 1, wherein the adjunct image dataset is obtained using a
device chosen from an X-ray CT scanning device and an MRI device.

3. The method of claim 2, wherein the adjunct image dataset comprises a spatial
map of porosity and the one or more acoustic properties comprise a speed of sound

and an ambient density.

4. The method of claim 3, wherein the image reconstruction method is chosen from

a time-reversal reconstruction method and an iterative reconstruction method.

5. The method of claim 4, wherein the image reconstruction method is the time-
reversal reconstruction method comprising solving discretized forms of acoustic
equations describing the propagation of an acoustic wavefield though a heterogeneous

medium subject to one or more initial conditions corresponding to an initial
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photoacoustically generated wavefield within the medium and an initial acoustic particle
velocity of zero throughout the medium to obtain the photoacoustic image
corresponding to a spatial distribution of an initial acoustic wavefield, wherein the initial
acoustic wavefield is proportional to an absorbed optical energy density.

6. The method of claim 5, wherein the discretized forms of the acoustic equations
are solved using a numerical algorithm chosen from a real-space finite-element method,

a real-space finite-difference method, and a k-space pseudospectral method.

7. The method of claim 6, wherein the numerical algorithm is the k-space

pseudospectral method.

8. The method of claim 4, wherein the image reconstruction method is the iterative
reconstruction method comprising iteratively solving a discretized imaging model
comprising a system matrix to obtain the photoacoustic image corresponding to a
spatial distribution of an initial acoustic wavefield, wherein the initial acoustic wavefield

is proportional to an absorbed optical energy density.

9. The method of claim 8, wherein the iterative reconstruction method solves the

discretized imaging model using an optimization relation.

10.  The method of claim 9, wherein the optimization relation is a total variation-
regularized penalized least-squares cost function.

11.  The method of claim 1, further comprising generating a second photoacoustic
image and subjecting the photoacoustic image and the second photoacoustic image to
a differential imaging method comprising subtracting the second photoacoustic image
from the photoacoustic image to obtain a differential image.

12.  The method of claim 11, wherein the differential image is subjected to a high-
pass filter.

13.  The method of claim 11, wherein the photoacoustic image corresponds to the
brain and the skull of the subject at a first condition and the second photoacoustic
image corresponds to the brain and the skull of the subject at a second condition.
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14.  The method of claim 13, wherein the first condition comprises an untreated
baseline condition and the second condition comprises a condition after a treatment,
wherein the treatment is chosen from: a change in an endogenous contrast agent, an
introduction of an exogenous contrast agent, a therapeutic treatment, and a

performance of a cognitive task.
15. A photon recycling device, comprising:
a solid cylindrical body with a first end and a second end;

a concave curved surface at the second end having a vertex within the

cylindrical body;

an opening at about the center of the first end of the cylindrical body

connecting first end and the vertex of the parabolic surface; and
at least one concave lens located within the opening.

16.  The photon recycling device of claim 15, wherein the at least one concave lens

comprises a plano-concave lens and a bi-concave lens.

17.  The photon recycling device of claim 15, wherein the curved surface is elliptic

paraboloid.
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